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FOREWORD

NASA experience has indicated a need for uniform criteria for the design of space vehicles.
Accordingly, criteria are being developed in the following areas of technology:

Environment
Structures

Guidance and Control
Chemical Propulsion

Individual components of this work will be issued as separate monographs as soon as they
are completed. This document, part of the series on Chemical Propulsion, is one such
monograph. A list of all monographs issued prior to this one can be found on the final pages
of this document.

These monographs are to be regarded as guides to design and not as NASA requirements,
except as may be specified in formal project specifications. It is expected, however, that
these documents, revised as experience may indicate to be desirable, eventually will provide
uniform design practices for NASA space vehicles.

This monograph, “Liquid Rocket Actuators and Operators,” was prepared under the
direction of Howard W. Douglass, Chief, Design Criteria Office, Lewis Research Center;
project management was by M. Murray Bailey. The monograph was written by James G.
Absalom of Rocketdyne Division, Rockwell International Corporation, and was edited by
Russell B. Keller, Jr. of Lewis. To assure technical accuracy of this document, scientists and
engineers throughout the technical community participated in interviews, consultations, and
critical review of the text. In particular, Donald D. Laine of Systems Group, TRW, Inc.; D.
D. Price of Aerojet Liquid Rocket Company; and Eugene J. Cieslewicz and Ross G. Willoh
of the Lewis Research Center individually and collectively reviewed the text in detail.

Comments concerning the technical content of this monograph will be welcomed by the
National Aeronautics and Space Administration, Lewis Research Center (Design Criteria

Office), Cleveland, Ohio 44135.

May 1973
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GUIDE TO THE USE OF THIS MONOGRAPH

The purpose of this monograph is to organize and present, for effective use in design, the
significant experience and knowledge accumulated in development and operational
programs to date. It reviews and assesses current design practices, and from them establishes
firm guidance for achieving greater consistency in design, increased reliability in the end
product, and greater efficiency in the design effort. The monograph is organized into two
major sections that are preceded by a brief introduction and complemented by a set of
references.

The State of the Art, section 2, reviews and discusses the total design problem, and
identifies which design elements are involved in successful design. It describes succinctly the
current technoiogy pertaining to these elements, When detailed information is required, the
best available references are cited. This section serves as a survey of the subject that provides
background material and prepares a proper technological base for the Design Criteria and
Recommended Practices.

The Design Crireria, shown in italics in section 3, state clearly and briefly what rule, guide,
limitation, or standard must be imposed on each essential design element tfo assure
successful design. The Design Criteria can serve effectively as a checklist of rules for the
project manager to use in guiding a design or in assessing its adequacy.

The Recommended Practices, also in section 3, state how to satisfy each of the criteria.
Whenever possible, the best procedure is described; when this cannot be done concisely,
appropriate references are provided. The Recommended Practices, in conjunction with the
Design Criteria, provide positive guidance to the practicing designer on how to achieve
successful design. :

Both sections have been organized into decimally numbered subsections so that the subjects
within similarly numbered subsections correspond from section to section. The format for
the Contents displays this continuity of subject in such a way that a particular aspect of
design can be followed through both sections as a discrete subiect.

The design criteria monograph is not intended to be a design handbook, a set of
specifications, or a design manual. It is a summary and a systematic ordering of the large and
loosely organized body of existing successful design techniques and practices. Its value and
its merit should be judged on how effectively it makes that material available to and useful
to the designer.
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LIQUID ROCKET
ACTUATORS AND OPERATORS

1. INTRODUCTION

The most numerous devices in rocket engine and spacecraft control systems are actuators
and their operators. An actuator is a device that converts hydraulic, pneumatic, electrical, or
potential energy into mechanical motion. An operator is a device that causes an actuator to
function. Actuators such as thosé used for thrust chamber gimballing are designed as
separate assemblies; most frequently, however, actuators are incorporated in assemblies of
shutoff valves, flow-metering valves, vent and relief valves, pressure regulators, and operators
for other actuators. Operators are designed as separate assemblies or subassemblies and as
integral components of larger assemblies. ‘

This monograph treats all the types of actuators and associated operators used in booster,
upper stage, and spacecraft propulsion and reaction-control systems except for
chemical-explosive actuators and turbine actuators. Discussion of static and dynamic seals,
mechanical transmission of motion, and instrumentation is included to the extent that
actuator or operator design is affected.

Selection of the optimum actuator configuration for a specific application requires a
tradeoff study that considers all the relevant factors: available energy sources, load capacity,
stroke, speed of response, leakage limitations, environmental conditions, chemical
compatibility, storage life and conditions, size, weight, and cost. These factors are
interrelated with overall control-system design evaluations that are beyond the scope of this
monograph; however, literature references are cited for a detailed review of the general
considerations. The monograph is limited to flight hardware, but pertinent
advanced-state-of-the-art design concepts are surveyed briefly.

Technical literature on the subjects of actuators, operators, and their constituent elements
provides extensive coverage of design techniques and design details for general service.
General design practices, however, frequently have been inadequate in rocket engine and
spacecraft applications. The severe environmental and operational conditions associated
with space-flight service and the requirements for high reliability have necessitated the
evolution of a highly specialized technology directed toward the successful solution of
problems in the design of space-flight hardware.



The basic prablems have been those involved in maintaining structural and functionad
integrity of 3 design while achieving required dynamic performance. Dynamic seals in
piston-cylinder actuators have been damaged, with consequent loss of sealing capability and
shifts In actuator response. by metal particle contaminants generated by moving or vibrating
piston springs. by abrasion by contucting sliding surfuces, and by the effects of wide
temperature ranges on seal material properties. Diaphragms and bellows have failed a5 a
result of installation mismatch, welding heat damage, overstressing during assembly, interply
or interface  contamination. interply  pressurization,  fluid-flow-impingement  damage.
temperature-related  shifts in reference spring forces, and vibration-induced fatigue.
Solenoid-sctuator - structural and  performance  inadequacies  arising  from  mechanical
vibration, exposure to wide ranges of temperature, current-drain limitations, requirements
for fust and repeatable response, and exposure to reactive fluids have necessitated
development of advanced techniques in construction and in the use of materials. The
extensive use of pneumatic actuators and operators has required development of
compensation  techniques for  accommodating  fluid-compressibility  effects  and
fMuid-temperature effects on dynamic response.

Because solutions to the primary problems in space-flight actuators and operators involve
the detail hardware design, the actuator and operator categories in the monograph are
established on the basis of salient features of design configuration. The monograph
emphasizes experience with particular detail problems and with demonstrated successful
solutions. It is concerned with hardware rather than with procedures and concentrates on
the specific configuration features that are eritical in successful desien. It recognizes that
many prohlems (e.g. seal damage by flushing solvents and test fluids) are not strictly
component design problems but that their severity often can be lessened by a desien that
anticipates potential hazards. The monograph considers complete and detailed specification
of processing. installation, test, and servicing procedures as an integral part of design activity
for control of design-associated problems,
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2. STATE OF mz ART

The technology for space-flight actuation systems has evolved from an extensive %ackground
of general machine design experience. More specifically, the most modern hardware -
technology, as demonstrated in the Apollo flights, was derived from experience with
hardware for earlier space-flight and ballistic-missile programs that ;n turn were heavﬁy
influenced by design practices for aircraft engines and vehicles.

The most commo;ﬂy used actuator cenﬁgm&ta@ng for space-ﬁight setvice 31‘6 “the
linear-motion piston, diaphragm, bellows, and solenoid. These conﬁguratzaﬁs minimize
problems associated with fluid leakage, fluid chemical compat;b;kty, large temperature
excursions, severe vibration environments, and control of dyﬁamic response. The extensive
use of these kinds of actuators has resulted in a haghiy developed and sophistzcated state Of
the art in the design of the critical features.

A variety of electric rotary-motor types and configurations, designed especially for rocket
engine and spacecraft systems, has been developed successfully for reliable oi}era’aon
Leakage-control problems and inefficient use of actuat;en fluid have restricted the use of
hydraulic and pneumatic rotary actuators.

The use of nutating actuators and actuators with dagital or with fluidic- iegic inputs has been
limited to advanced-state-of-the-art experimental applications or study pmgiams

The most commonly used operators for actuators are the various cenfiguratiens of pilot
valves, servovalves, and pressure-divider circuits. As operators also Tequire actuators, the
state of the art in operator design is an extension or specialized &pphcation of the current
knowledge applicable to all designs réequiring actuation concepts.

The wide range of environmental and operational conditions for space-flight actuators and
operators has resulted in development of an extensive array of concepts and devices for
static and dynamic seals. Techniques for welded joints have been developed to eliminate
static seals at hardware joints and at interfaces where leakage is critical or where chemical
compatibility or severe vibration presents design problems. Considerable effort has been
expended in research and development programs investigating metal-to-metal sealing
surfaces and fundamental seal leakage phenomena.

Design concepts for the mechanical transmission of actuator power are derived from general
machine design experience, with refinements in the use of materials and fasteners to
accommodate high vibration levels, exposure to reactive fluids and, in many applications,
nonlubricated sliding contact.



Instrumentation for actuators and operators includes electrical position-indicating switches,
potentiometers, and transducers and pressure-indicating switches and transducers. Desizns
for these devices reflect the needs arising from the requirement for exposure to severe
environmental and operational conditions,

Progres< in the design of the most modern space-flight actuators and operators has resulted
from intensive development and refinement of both materials applications and the design
detuils of fundamental actuation concepts. This flight-hardware experience, supplemented
with information resulting from advanced-state-of-the-art programs, provides a sound basis
for the design of new space-flight hardware,

2.1 ACTUATOR CONFIGURATIONS

Actuators are clussified as on-off types for two-position control, or as modulating types for
variable-position control. Also, they are classified as direct-acting when they respond
directly to system inputs, or as operator-controlled when their response is controlled by an
intermediate device, an operator, that responds to system inputs. Additionally, actuators are
classified according to salient physical features of the design configuration.

The factors involved in sclecting the optimum actuator configuration for a specific
application are interrelated with overall control system design considerations bevond the
scope of this monograph. However, references 1 through 8 and other technical literature
referenced throughout the monograph review the general considerations leading to selection
of specific actuator and operator configurations.

In selecting a specific actuator configuration, the first consideration is the energy source,
which is determined by overall system considerations. In control systems for rocket engines
using kerosene-type fucls, hydraulic actuation subsystems that use engine fuel as the
working fluid wsually are selected. In storable -propellant systems, propellants have been
used for actuation. In control systems for rocket engines using both fuel and oxidizer at
cryvogenic femperatures, pneumatic-actuation subsystems sometimes have been sclected:
these systems use a stored supply of helium gas as a working fluid suitable for operation in
an extreme range of environmental temperatures. The high force levels required for
large-engine gimbal actuators (eg., those for the §-IC, S-1. and S-IVB boosters) have
resulted in the choice of high-pressure hydraulic subsystems  with  independent
clectric-motor pump actuators and fluid-temperature control, as described in references 9
through 11, Electrically powered solenoid actuators, torque motors, and rotating motors are
in common use for applications requiring response to electrical signals from guidance or
logic circuits. The relatively low force levels required for valve actuation in small
reaction-control rocket engine subsystems permit direet use of solenoids as valve actuators.
High-force-Jevel devices that respond to electrical signals have been obtained with




electrically powered operators controlling hydraulic or pneumatic actuators. (By definition,
- the term “hydraulic” applies to any liquid, and the term “pneumatic” applies to any gas).

2.1.1 Pistcn Actaators

Linear-motion piston-cylinder actuators are categorized as hydraulic or pneumatic; and -as
-~ single-acting or double-acting. Piston-cylinder actuators are designedas deparately mounted
assemblies for thrust-chamber gimballing. Frequently, these actuators are intluded in valve
assemblies for direct positioning of poppet valves, or with rack-and-pinion or bellcrank
linear-to-rotary motion transmissions for angular positioning of butterfly and ball valves.
Basic configurations for piston-cylinder actuators are illustrated in figure 1. Symbols used
therein and elsewhere in the monograph are defined in the Glossary.
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(e} Double-acti ng, double-rod, o il Mal%ipist&n,

¢ Hgure 1 - Schematics of basic configurations for piston actuators. o

The ram actuator (fig. 1(a)) appears most often as one end of a presszzré—‘actesatéd spool v%;iife
with return forces applied at the opposing end. The single-acting spring-return - piston



actuator thy. Tthy frequently is selected as g valve actuator when spring forces are adequate
for desctuation. Double-acting piston actuators (fig. He) are used when forces required for
deactuation result in excessive  size for an cquivalent  single-acting  spring-return
configuration. Helical springs are included in some double-acting piston actuators (fig. 1{dn
for maintaining a preferred position prior to application of pressures. Double-acting
double-rad configurations (fig. 1e)) are used when dynamic response considerations require
equal piston arcas and equal volumetric displacements on both sides of a piston. Multipiston
actuators (fig. WY are used in applications wherein there is a time delay between partial
actuation and full-stroke actuation. Such a delay is required, for example, for the J-2 engine
main oxidizer valve during an engine-start sequence of operations,

The most commonly used operator for a single-acting piston actuator is a three-way valve
that can apply system supply pressure to the actuator or vent the actuator to system return
pressure. The double-acting configuration requires a four-way valve for controlling pressures
on both sides of the piston. The choice between a single-acting spring-return actuator and a
double-acting actuator requires evaluation of the required force levels and attendant
actuator sizes, operator complexity, and system plumbing. Selection of a spring-return
actuator may be hased on requirements for fail-safe closing or fail-safe opening of 2 valve,

Piston actuators with dynamic seak to limit piston and piston-rod leakage are characterized
by long working strokes, high force levels, and simple design. In applications requiring
complete isolation of actuator working fluids, as in the case of piston-actuated valves for
reactive fluids, bellows elements sometimes are used as piston-rod dynamic seals. When a
bellows scal s impractical because of space or mechanical limitations. a double
shding-contact seal with an intermediate vented isolating cavity sometimes is used.

In applications wherein dynamic-seal friction forces are undesirable. as in actuators for
pressure-seasing operators that must actuate at a precise sensed-pressure level, diaphragm or
bellows actuators are used in place of piston actuators, as discussed in sections 2,12 and

2 1.3

2.1.1.1 GENERAL CONSIDERATIONS
2.1.1.1.1 Pneumatic Modulating Control Dynamics

Most space-flight actuators and actuation systems have been designed for nonmodulating
on-off control of shutoff-valve position and velocity in response 1o discrete system inputs.
Actuators for variable-position modulating control in response to continuous system inputs,
as in engine-gimbal actuation systems or in throttle-valve systems, usually are operated with
hydraulic fluids to minimize fluid-compressibility effects. Pneumatic modulating actuators
are used most frequently for positioning valves in paeumatic pressure-regulating systems
that reduce supply pressure or relieve controlled pressure,

O




As a result of compressibility of the actuation fluid, modulating servovalve-controlled
pneumatic actuators frequently exhibit an inherent tendency toward hunting, or oscillation,
when they respend”to changes in servovalve position or to load changes. This tendency
becomes more pronounced when fast response is required and servovalve flow capacity is
increased or when sudden load changes must be accommodated and servovalve
pressure-change capacity is increased. To achieve a successful design with minimum
laboratory effort, an effective dynamic analysis of servovalve and actuator operating
characteristics is essential. ‘

Section 2.2.2 and references 12 and 13 discuss the design of servovalves with nonlinear
flow-gain and pressure-gain characteristics contoured to contribute to actuator dynamic
stability and load-stiffness while satisfying speed - of -response requirements. Static and
dynamic friction forces, variable and reversible load forces, subsonic pneumatic flow,
servovalve saturation, and actuator position limits introduce nonlinearities and
discontinuities that must be evaluated. The use of linearized analytic techniques contributes
to an understanding of -the inherent problems but generally is ineffective in establishing
~quantitative design criteria for successful design of dynamic nonlinear valve and actuator
systems.

‘Reference 14 presents a detailed discussion of the characteristics of pneumatic servovalve
and actuator systems and a description of analog computer circuits for dynamic analysis.
Also described is a technique for the use of plenum volumes, separated from piston-cylinder
actuator volumes by flow restrictors, to add compensation to a pneumatic actuation system.
This is an effective way to achieve dynamic stability and smooth steady-state operation. A
controlled leakage through a double-acting piston can be used for adding dynamic damping
to a pneumatic actuation system. In the mechanical design of piston actuators, a minimum
piston skirt length usually is dictated by overall actuator design considerations. With little
addition to the moving mass of the piston, and with little or no increase in piston skirt
length, compensating plenums can be included in a pneumatic actuator design, as shown in
figure 2. = -

—Piston
J :
Plenum volume— / —Plenum volume
~Qrifice
7 .-
//?-

Orifice— % N

> Welds

Cylmder—\\

o

Figure 2. - Schematic of piston actuator with compensating plenum volumes.




Reference 15 presents an introductory deseription of digital-computer techniques for the
design analysis of pneumatic piston actuators. Reference 16 describes a general-purpose
digital-computer program used for the design analysis of mechanical-hydraulic-pneumatic
control systems and components with nonlinear and discontinuous describing functions.
This program originally was developed for dynamic analysis of the complete §-2-engine
pneumatic control system and its components. It has been expanded for application to
other control systems and components as an effective means for establishing quantitative
desipn requirements,

2.1.1.1.2 Hydraulic Modulating Control Dynamics

The dynamics problems associated with modulating hydraulic actuators designed for
servovalve control differ from the dynamics problems with their pneumatic counterparts in
that fluid-compressibility effects can be minimized by including self-priming features in the
actuators. Actuator seals and guides designed for controlled static and dynamic friction
provide Coulomb damping: excessive friction, however, can result in excessive FCRPONSe
deadband. The characteristics and critical design features of hydraulic servovalve and
actuator systems are discussed in detail in references 17 through 32, To minimize tahoratory
effort in shaping the characteristics of the closed-loop system and in determining the need
for system compensation, a computer program (c.g.. ref. 16) is used to analyze the
nonlincar and discontinuous characteristics of hydraulic servovalves and actuators.

2.1.1.1.3 On-Off Contro! Dynamics
In a primed hydraulic system, control of the transient response of an actuator requires

accommodation of any difference in the volumetric displacements on either side of the
piston as it moves. Figure 3 illustrates a double-acting piston-cylinder actuator in which

QOrifice — . p.7 ~Qritice

e

Figure 3. - Schematic of piston attustor with dissimifar active arcas and volumes,




- there are appreciable differences in the piston -effective arcas (Al ‘and A2), in the initial
volumes (V1 and V2), and in the swept volumes on each side of the piston face. Actuators
of this configuration frequently are controlled by on-off pilot valves; flow restrictors
(orifices) of different size for each side of the piston.accommodate differences in flowrates.
When a servo-operated, symmietrical, four-way valve.is required to provide modulating
control, significant differences in piston effective areas may: result in dirsctional differences

~in speed of response. - - - S G e e e

In on-off pneumatic systems, the time required for actuator internal pressures to increase or
decay to the levels at which motion commences is additive to “the time Tequired for
displacement. On each side of the piston, the pressure response time is a function of the
flow-restrictor size and the actuator volume. Flow restrictors sized for the:desired ‘motion
timing may result in an undesired initial pressurization time for breakawdy: The time for
motion start as well as the time for full-stroke displacement may be different in each
direction of motion. Successful design of actuators shown in figure 3 requires sizing-of the
volume, the piston area, and the flow Testrictor on each side of the piston o that the
required breakaway time and motion time can be obtained in each direction. Section:2.2.1.3
discusses response problems associated with actuators in which a signal pressure is applied to
opposing surfaces to produce a net actuation force that'may vary with operating conditions.

2.1.1.1.4 Hydraulic-Actuator Priming = - ey e e B

In an hydraulic actuator, any air, other gas, or vapors :entrapped in:internal -Cavities or in
actuator plumbing may affect repeatable response or actuation system stiffness. The time
required for the hydraulic fluid to compress any trapped gas and then fill the volumes
initially occupied by the gas is additive to the response time of .a fully primed system;
uncontrolled variable volumes of residual gas thus result in variations in response time: In
modulating hydraulic actuation systems, the presence of compressible fluids has resulted in
oscillatory or dynamically unstable operation. Hydraulic actuators frequently are provided
with controlled leakage or circulation flow paths to ensure removal of gases or vapors and to
maintain a fully primed condition for operation. - '

2.1.1.1.5 Hydraulic-Fluid Temperyatui'e‘ Can}:i"ol

It is essential that heat transfer under operating conditions does not change the actuator
fluid temperature beyond its allowable limits. For repeatable speed of response, the
actuation-fluid temperature must remain -between limits established by the
temperature-related effects of . fluid viscosity and . fluid density on fluid flow and
consequently on actuator dynamics. When elastomeric or plastic materials are used in an
actuator, the fluid temperature must remain within the allowable temperature limits for
these materials. B SRR

Figure 4 is a schematic of an hydraulic on-off piston actuator with response timing
controlled by flow restrictors at the two control ports. With the piston in the position
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shown. and with pressure P2 greater than pressure P1, an orifice through the piston controls
bleed flow from P2 to PI for actuator priming. Multiple restricted heat-exchanger passages
in the housing permit circulation flow from P2 1o Pl for control of actuator and fluid
temperatures. In the actuated condition, with pressure P greater than pressure P2, bleed
flow and circulation flow is obtained with flow from Pl to P2. The illustrated concept
requires fluid flow from a temperature-controtied source.

2.1.1.1.6 Safety Requirements for Test and Operation

Proof-pressure tests of each actuator and operator assembly and burst-pressure tests of
sample specimens are performed to verify structural integrity and to safeguard personnel
during subsequent checkouts, tests, and operation. Proof pressures usually are one and
one-halfl to two times the maximum normal aperating pressure, and burst pressures psually
exceed two to four times the maximum normal operating pressure, the factor depending on
the safety-factor policy established for specific systems. In addition. a safe operating
pressure. defined as the maximum allowable pressure without shielding for personnel safety,
frequently is established for each system or component.
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Adequate leakage tests sometimes have been precluded when components were designed to
comply with specified proof-pressure and burst-pressure requirements but were not designed
for safe operating pressures that permitted nonshielded testing under normal system
operating conditions. System leakage tests requiring the close presence of personnel cannot
be conducted at normal operating pressure if a component in that system has a lower safe
operating pressure.

Components have leaked or failed structurally when marginally defective components were
not detected in tests with a single application of proof pressure. Typically, a seal-weld crack
may require repeated pressurizing cycles before it propagates sufficiently for a detectable
leak, and a solid-particle contaminant in contact with a diaphragm or bellows may not cause
a puncture the first few times that pressure is applied. When a component has been set up
for proof-pressure testing, repeating the test a limited number of times does rot impose
testing problems and does provide greater confidence in the test results. Fracture-mechanics
criteria, as established for each design program, are considered in hardware design and in the
specification of proof pressures and the number of test cycles. '

Mechanical springs in actuators often present personnel safety hazards during assembly and
disassembly procedures. When such hazards exist, a metal warning tag is fastened to an
actuator in a prominent location to identify the hazard. Ordinarily, these hazards are not
present when an actuator is designed so that all springs with significant forces return to their
free lengths with the restraining fasteners still engaged.

2.1.1.2 FLOW RESTRICTORS

2.1.1.2.1 Flow Control
« i

Response of hydraulic and pneumatic on-off actuators usually is controlled by an adjustable
or replaceable flow restrictor. This restrictor may be a small needle valve or, more -
commonly, an orifice. Replacement of orifices in a “cut-and-try” approach is an established
method of adjusting actuator response times in control systems, but it is a time-consuming
and expensive process. The use of orifices often introduces difficulties in obtaining
repeatable response among nominally identical control systems. This lack of repeatability
has been associated with variations in leakage flow paths in parallel with an orifice and with
variations in orifice effective flow area as a result of manufacturing tolerances.

The pneumatic control system for the J-2 engine used precision orifices to control actuator
response; this practice achieved the design objective that 9 out of 10 production engines
satisfy all timing requirements during the first control-system checkout without orifice
replacements. Each orifice is designed for installation with essentially no leakage in parallel
with its size-controlled flow path. The effective flow areas of fixed orifices are controlied by
the use of precise dimensions, tolerances, and surface finishes. Component-level flow testing
- of these precision orifices is not required.
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Manufacturing costs incurred in obtaining precise eritical dimensions and surface finishes are
justificd by elimination of flow-test costs and by minimizing the costs of checkouts of the
engine control system. References 33 through 42 present basic information for sizing flow
restrictors.

2.1.1.2.2 Temperature-Effect Compensation

Changes in the rate of flow through a flow restrictor as a result of changes in fluid
temperature have produced excessive variations in actuator response. This kind of response
problem is particularly acute in pneumatic open-loop actuation systems designed for
checkout at standard sca-level atmospheric temperature (288 K) and for subsequent
operation with high-temperature or low-temperature gases. The reason is that volumetric
flow, and consequently actuator response, varies with the square root of the gas absolute
temperature when flow is controlled by a fixed flow restrictor,

Figure 5 illustrates a flow restrictor with temperature-effect compensation that was
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developed for the pneumatic actuators for the J-2 engine main propellant valve. The
restrictor is attached to an actuator housing and assumes a temperature approximately equal
to the temperature of the actuator. Under system operating conditions, the helium gas
actuation-fluid temperature as o result of heat transfer is nearly equal to the actuator
temperature. The restrictor effective flow area is thereby automatically preset by actuator
temperature when actuation occurs. The restrictor presents parallel flow paths. one through
a fixed orifice and one through a clearance controlied by bimetallic elements so that it varics
with temperature. The restrictor is designed so that the total effective flow area at 210°R




(117 K)! is (530/210) 72 times the area at 530°R (294 K). W1th a regulated” suppiy
pressure gas volumetric flowrate and actuator response time at 210°R (117 K) is nommaﬁy
equal to gas volumetric' flowrate and actuator response time at 530°R (294 K). The
combination of a fixed flow resistance and a flow resistance that varies linearly with
temperature provides approximate compensation at intermediate temperatures.

2.1.1 .2.3 ‘Contamination

;-
Partial blocking of a response-control flow restrictor by contammants C&il alter ﬁs flow
resistance ané thereby change actuator response. The sensitivity of a small orifice to
contamination occasionally has been reduced by the use of a nu;nber of ]ai‘gei Gr1f1ces in
series having the same Gvergll flow resistance as a single smaller an;ce

If a flow restrictor has its own filter element, accumulation of contaminants at the filter
element can alter the flow resistance of the filter/restrictor combination and produce a
change in actuator resporfse. A minute amount of moisture in a small filter on occasion has
spread through the filter element and, when frczen, has changed the filter flow resistance.
Freezing temperatures can occur in a pneumatic system in a sea-level room-temperature
environment as a result of gas expansion from a high- pressure source to the pressure level at
a system flow restrictor. Despite both precautions intended to prevent entry of moisture
into a pneumatic system and procedures for removing moisture, small filters tend to
accumulate and retain moisture, and their use in some instances has detracted from, rather
than enhanced, the reliability of a flow restrictor.

Hydraulic systems occasionally have been contaminated by particles from filter elements
when filters located near flow restrictors were damaged by impingement of high-velocity
fluid jets issuing from the flow restrictors. Filters themselves have been a major source of
contamination. Filter elements are difficult to clean, and cleaning an element after it has
been welded to a casing is even more difficult. Contaminants lodged in filters and fragments
of filter elements have migrated during system operation, and created problems they were
intended to prevent. The design of filter elements and assemblies is covered in reference 43.

Protection of flow restrictors from contamination requires that overall system cleanliness be
maintained and that large-capacity filters be used at strategic locations in the system.
Protection against inadvertent introduction of contaminants when components are installed
or zepiaceé in a system is a primary concern, as are centammants that are dislodged or
generated in  system cem;}oﬁents during operatzon Contamination control during
component test usually is ach;eved when formal specification of requirements for
component and test-setup cleanliness and filtration are supplemented by quality contr@l
practices for clean test enwronments

!

Lparenthetical units are in the International System of Units (SI units). See Mechtly, E.A.: The International System of
Units. Physical Constants and Conversion Factors, Revised. NASA SP-7012, 1969.
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Current general specifications for space-flight hydranlic systems (refs. 44 through 46)
require the use of a strainer with grid openings of 0.005 to 0.012 in. (0.203 1o 0.205 mm)
for each hydrautic-system orifice with a diameter of 0.070 in. (1.78 mm) or smaller. In
practice. filters frequently are used in place of the specified strainers to obtain finer
filtration. These general specifications are interpreted as being applicable only to critical
orifices. such as response-control orifices, and not to orifices used for bleed flow or
circubistion flow,

2.1.1.3 SPRINGS
2.1.1.3.1 General Requirements

Hydraulic and pneumatic piston actuator assemblies are designed both with and without
mechanical springs that provide an internal or external foree bias. The most common spring
form in actuators is the round-wire, helical-coil compression spring. Despite their mechanical
simplicity. these springs and their installation present major desien problems becaunse of the
temperature ranges and vibration environments to which space-flight hardware is exposed.

In many piston-actuator applications, spring problems are avoided when an objective and
critical analysic of system and component requirements reveals that a foree-bias spring is not
necessary. This is often the case when the actuator is double-acting or when dynamic-seal
friction forces are larpe. In some cases, assemblies can be desipned so that actuator load
forces can be used to eliminate the need for mechanical springs.

When mechanical springs are required, the general design practices for springs and their
mstallation (refs. 47 through 63) must be supplemented as discussed in the following
sections. The extent and speciatized nature of the published literature on the subject of
mechanical springs are evidence of the emphasis that this element requires in successful
desipn,

2.1.1.3.2 Generation of Metal Particles

In the acceleration and vibration environments associated with space-flight hardware,
mechanical-spring deflection and vibration have generated metal particle contaminants that
have damaged dynamic seals and scaling surfaces. partially blocked response-control flow
restrictors, or damaged other system components to which the particles migrated. Cyclic
relative motion between helical-soring end coils and their retainers, within the constraints of
the guide clearances provided for assembly, is an inherent producer of fine metal particles,
Thin sections and feather edges resulting from flat grinding of helicalspring end coils
provide sources for the breakout of relatively large particles. Metal particles also have been
generated by scrubbing contact between helical-spring coils and adjacent parts as a result of
vibration-induced lateral deflections of the springs. This problem is compounded when




helical springs are installed concentrically, one within another, with envelope limitations on
radial clearances between coils. The design of spring-loaded assemblies that will not generate
metal particles requires specific emphasis on clearances, end-coil design, and end-coil
retention features.

2.1.1.3.3 Helical-Spring Rotation

In the design of linear-motion piston actuators with helical springs, it is necessary to
consider the effects of the coil rotation that accompanies spring axial compression (ref. 48,
pp. 247-254). If a helical spring is compressed with end-coil rotation restrained, the coil
rotation about the spring axis must result in angular displacement of one or both end coils
or in distortion of the spring. When rotational forces are stored in a distorted spring,
actuator operation or exposure to shock or vibration may result in end-coil rotational
slippage. This slippage changes the spring installed load. This design consideration is
especially significant in devices that are preset to actuate at a specified pressure level. In
addition, end-coil rotation and sliding contact with end-coil retainers, during installation or
during operation, can generate metal particle contaminants. Low-friction ball, roller, or
needle thrust bearings frequently are installed in compression at spring end coils so that the
coil can rotate with negligible angular restraint and with rolling rather than sliding relative
motion. -

2.1.1.4 MATERIALS
2.1.1.4.1 General

The most common problems with materials in space-flight actuators have been related to
corrosion, chemical compatibility, hydrogen embrittlement, welding effects, fatigue of
flexing elements, cracking failures in castings, porosity, impact sensitivity, and abrasion or
wear at bearing and dynamic-seal contact surfaces.

In most applications, adequate corrosion resistance and chemical compatibility are obtained
by the use of aluminum alloys, 300-series CRES alloys, nickel alloys, nonreactive plastics,
and corrosion-resistant platings on vulnerable metals. The most severe corrosion and
compatibility problems occur in actuators with ferromagnetic materials or materials exposed
to reactive fluids. Materials problems and practices associated with specific types of actuator
and operator elements are discussed in separate sections throughout this monograph.

Aluminum alloys for general use are chromic-acid anodized to enhance corrosion resistance.
Surfaces exposed to dynamic contact sometimes are hard anodized. Complete parts, such as
housings, frequently are sulphuric-acid anodized when wear resistance at a dynamic contact
surface is required. :
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Tie corrosion resistance of metal allovs s affected significantly by the smoothness of
surfuce fmishess A 125 poind (318 pm) AA finish, carried over from industrial practice, hag
not been adeguate in oblaining good corrosion resistance in the environmental conditions to
which space-flight hardware is exposed. Salt-spray tests, sand and dust tests, reactive fluids,
and moisture in operating Buids have resulted ina requirement fora 63 gin (160 pmy AA
finish, or smoother, Yor all machined surfaces.

Muterind i‘%‘;iz‘;{%ﬁ}; fattures attributed o long-ferm stress corrosion have occurred in cortain
alovs subjected to sustained stress. As a result, these allovs are now in disfaver for use in
space-fhight hardeare. Table T lists allovs with known susceptibility to stress-corrosion
cracking.

Hydrogen embrittlement of flexing elements is discussed in sections 2,1.24 and 2.1.3.4.
These sections abo review nonmetallic materials for diaphragms, welding  problems
associated with bellows and fatigue of flexing elements,

To minimize machining costs, actuator housings often are made from castings. The complex
configurations obtainable with castings introduce potential cracking problems associated
with changes in cross section, casting defects, external foads, vibration, and thermal stresses,
Solutions 1o cracking problems have included changes in casting design, changes in the
desion of mounting and support brackets, and changes in the plumbing system 1o reduce
apphicd loads or vibration loadx

feakupe aftributable to porous or defective materials has not been Himited 1o castines.
feukape throueh fitanhum-carbide inclusions in 321 URES bar stock has occurred in helium
svstems.  To  minimize the presence of  inclusions  in thinwall  actustors,
consupiable-clectroade-mebied 321 ORES, desienuted as 3 vacoum-michied alloy, often i

specificd,

Muterial deformation or fracture resulting from Impuct loads and material sbrasion or wear
at bearing and dyvnamicsead contact surfaces are discussed insections 2.3 and 2.4,

2.1.1.4.2 Helical Spring Material

Helicalspring materinls for space-flight  service  generally  are hmited  to the
corrasdon-resistant metal allovs, The most often used are 321 CRES, Inconel X, Inconel
FIX, and Hlgitov, Rene 41, A286, and Refractaloy 26 have been used in components
exposed oo clevated temperatures, Precipitation-hardening stainless steek [7-4PH and
17-7P11 have been used extensively, but are subject to fong-term stress corrosion in the
conditions aoted in fable 1

In assemblies wherein spring compression is adjusted to provide a reference foree having
narrow limits thermal effects can be critical. The desien of helical springs for these
assemblies frequently requires use of o metal alloy such as Ni-Span-C so that there is little
temperature-related variation in mechanical spring rate and consequently in installed force.
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TABLE 1. — Susceptibility of Various Metals to Stress-Corrosion Cracking

A. Aluminum alloys with low resistance to stress-corrosion cracking

Wrought Cast

Alloy Temper Alloy Temper
2014 All tempers 195 B195 T6
2024 T3,T351,T36,T4 220 T4
2219 T31.1351,137 Ternalloy 7 Té
7001 T6,T651 40E As cast
7075 T6,1651

7079 T6,T651

7178 16,7651

B. Steels with moderate resistance to stress-corrosion cracking®

Alloy Temper
Low-alloy 150 to 180 ksi® yield strength
Maraging <200 ksi* yield strength
400 series All tempers
PH14-8 Mo SRH950 to 1050
PH13-8 Mo H900 to 1000
15-5PH . H900 to 1000
17-4PH ‘ H900 to 1000
AM 355 >8CT900

C. Steels with very low resistance to stress-corrosion cracking

Alloy Temper
17-7PH Al except CHO0O0
PH15-7Mo Alt except CH900
AM 355 <SCT900
H-11 All tempers
Vascojet 1000 All tempers
Low-alloy >180 ksi yield strength
18 Ni maraging ) >200 ksi yield strength

! Use of material listed is permissible if sheet material, unmachined extrusions, or unmachined
plate material is required.

2 Alloys and heat treatments listed may be used if it can be shown that there are no sustained
tensile stresses {residual or imposed}.

31034 to 1241 MN/n?

41379 MN/m?
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This kind of alloy can be heat treated to obfain a thermaclastic cocfficient that is essontially
zero fie.. spring rale does nof chunge with temperaturcl The thermnelsstic coefficient
includes the effects of temperature-related changes in spring geometry and in the torsional
modulus of elasticity. Because temperature-dependent varations in torsions; modalus of
clasticity are the predominunt effects, allovs ke Ni-Span-O often are referred to a3
constant-modulus materials, The desien of actuntors for temperatiore-oficet compensation is
reviewed in section 2.1.2.3.2,

As a general practice, safety factors are applicd to the nominal values of material vield
strength to allow for variations in material properties. for the effects of forming. and for the
effects of dynamic Joading. Stress relaxation, resulting in reduced installed force, has
occurred in Ni-Span-C springs under vibration conditions; this behavior indicates a nead for
more conservative factors of safety for this material than for other spring alloys.
Satisfactory performance of Ni-Span-C springs has been obtained when the solid -heickt
maximum fiber stress was limited to the range of 60,000 to 80,000 psi (414 to 552
MN/m?). with 60.000 psi (414 MN/m?) as the limit in applications wherein spring vibration
is anticipated. Temperature-cffect compensation with Ni-Span-C springs has not been
achieved when heat  treatment failed 1o produce the desired  constunt-spring-rate
characteristic. Spring-rate tests of samples from each production lot of sprinps. performed at
several specified  temperatures, sometimes are specificd to supplement conventional
room-temperiture nspection pracedures,

2.1.2 Diaphragm Actuators

Lincar-displacement diaphragm actuators are piston actuators with flexing rather than
shiding dynamic seals and are used primarily as pressure-sensing elements with small working
displacements (usually less than 0.06 in. (1.52 mmy. Diaphragms may be multiple-ply or
single-ply. metal or nonmetal, preformed or formed in place. Flat diaphragms and
diaphragms with a single annular convolution are the favored configurations because they
are the simplest to fabricate and are the most predictable in performance. Diasphrasm
actuators offer the advantages of leak-tight frictionless sealing. When these advantages are
desired in an actuator with working stroke requirements that exceed the displacement
hmitations of diaphragm clements, then bellows actuntors are selected fse0. 2.1.3)

2.1.2.1 GENERAL CONSIDERATIONS
2120 Fhoid Inflow Bffecs

Reliable operation of diaphragm actuators is achieved only when the desien provides for
protection of the thin diaphragm elements. High-velocity fluid jets impinging on diaphrasm
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elements have caused impact and erosion damage. In pneumatic systems, actuator inflow
during initial pressurization or during a displacement transient may reach sonic velocity.
Under this condition, diaphragms have been ruptured by the Knpact of sahd-paftade
contaminanis. ~

In actuators with small clearances between a movable diaphragm and fixed surfaces, fluid
inflow has deposited solid-particle contaminants in the clearances. Subsequent clearance
changes accompanying diaphragm flexing have resulted in diaphragm damage or rupture
when contaminants were imbedded in thin diaphragms. Inadvertent formation of ice in
small-clearance diaphragm actuators has had the same éamagmg effects as an inflow of
solid-particle contaminants. : .

Diaphragm actuators frequently are designed with flow passages large enough to ensure
low-velocity inflow under all initial-pressurizing and operating conditions. The flow through
restrictors often is directed against actuator walls. Close clearance or contact between
movable diaphragm surfaces and fixed surfaces is avoided whenever feasible.

2.1.2.1.2 Vibration

Diaphragm structural failures attributed to an excessive number of flexure cycles have
occurred most frequently in modulating diaphragm actuators. In these actuators,
unimpaired fatigue life is essential, but the number of deflection cycles or partial cycles that
must be endured may be unpredictable. Diaphragms in modulating actuators are especially
sensitive to dimensional control of the corner radii on the clamping parts and to
contamination. Resonance of reference springs under operating conditions occasionally has
required a change in spring rate or in the masses of moving elements or both in order to alter
the resonant frequencies. Diaphragm pressurizing cavities often are designed with orificed
porting for snubbing of pressure transients and for dashpot damping of diaphragm
oscillations. Extensive vibration testing during development of actuators is necessary to
ensure adequate endurance capabilities.

2.1.2.1.3 Installation Mismatch

When a diaphragm is installed in an actuator assembly, correct positioning of the diaphragm
with respect to contacting parts is essential for reliable operation. The assembly problem is
compounded when the diaphragm has a center hole and clamping of both inner and outer
edges is required.

The primary problem resulting from diaphragm mismatch is a reduction in cyclelife
capability. Diaphragm convolutions have been damaged mechanically by improper fit with
retainers. Diaphragms have been damaged by applied pressures that partially reformed
previously formed convolutions. Eccentric installation has resulted in nonuniform
diaphragm stress distributions. Flexing contact between diaphragm cenvoluﬁons and
retainers has resulted in abrasion failures.
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When preformed metal diaphragms are used. the rigidity of the material assists in aligning
inner and outer clamping surfaces. When preformed plinhle nonmetal diaphragms are used,
greater care in assembly is reguired to prevent mismatch. Assembly mismateh problems with
these diaphragms frequently are circumvented by the use of diaphragms that are flat
initially, the convolutions being formed in place by the application of controlled pressures
following installution. :

Pimension and tolerance stackup drawings, often 10-times actual size or greater, are used o
evaluate all conditions that affect mutching cither a metyl or nonmetal diaphragm to s
adiscent parts,

2.1.2.1.4 interply Pressures

When multiple-ply diaphragm clements are used. the interply voids must be protected from
exposure to applicd pressures, especially when one of the plies is not capable of
withstanding the maximum pressure differential that may be encountered. Leakage of
actuation pressure into interply voids may result in loss of redundaney or in possible rupture
of a diaphragm ply. Such leakage may be trapped between the plics when actuation prossure
is removed. the result being distortion of the diaphragm and Joss of the intended diaphragm
confipuration. Figure 6 presents two approaches for aveiding this problem.
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Figure & - Sthematics of molliple-ply digrhragms with egnond e yenled fo ambient pretsure

Figure 66a) illustrates a dosign concept that utilizes o multiple-phy diaphragm as a static seal,
the periphery of the diaphragm heing exposed to ambient reference pressure Py, only.
Figure 6(b) illustrates a design concept in which multiple-ply diaphragm elements
{back-to-back configunitiony are exposed to opposing applicd pressures P oand P2, Surfaces
near the onter diameters of the diaphragms are used for static sealing, with the outer edges
exposced o ambient pressure only. Surfaces near the diaphragm conter holes are used for
static seating, with an intermediate spacer designed to vent the inner edges,
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2.1.2.1.5 Convolution Re\fersais

Formeé ihaphragms or dlﬁyhragms in which some forming may occur éurmg test and -
operation, may be éafnageé or reduced in cyclelife capability if differential-pressure
reversals result in deformation of diaphragm convolutions. The rigidity of metal diapilfagms‘
permits limited pressure reversals without damaging deformation; formed nonnzetal
diaphragms, however, will be distorted with very little pressure reversal. The back-to-back
diaphragm configuration (fig. 6(b)), with a vented intermediate space f;eqaentiy is useé to -
preclude cenvalutzon reversals, : « :

212186 Ouerstroking

If axial dlspiacefnent of a diaphragm exceeés its maximum ailewabie d;spiacement the
diaphragm may be distorted or its cycle-life capability may be reduced. Although diaphragm
axial displacement may be limited by the actuation mechanism in a completed 3ssembly,
inadvertent overstroking frequently occurs in partially caﬁzple{ed assemblies. Diaphragm
subassemblies, therefore, sometimes are designed with stroke-limiting stops that protect ‘the
diaphragm when the Sub&ssenzbly is separated from stroke-limiting features in a cemplete
assembly. o o » S .

2.1.2.2 DIAPHRAGM ELEMENTS
2.1 2 2.1 Generai Requirements

The various diaphfagm configurations and the general éemgn practices related fo their
applications are illustrated and discussed in ‘handbooks and design manuals such as reference
3. For pliable nonmetal diaphragms, in comparison with metal, mechanical spring rates are
low, flexure stresses resulting from actuator displacement are low, and the most significant
stresses are the clamping and applied-pressure stresses. For metal diaphragms, mechanical
spring rates and the flexure stresses accompanying displacement are significantly high, and
combined stresses resulting from installation displacement, working-stroke displacement,
and applied pressures must be considered. :

References 64 through 72 describe analysis, design, fabrication, and installation techniques
that have been developed for flat and single-convolution metal and nonmetal diaphragms.
Localized changes in diaphragm material properties and material deformations resulting
from the forming of convolutions that are deep, relative to the material thickness, greatly
affect the accuracy of an analysis. For practical design purposes, there is heavy reliance on
empirical  data, eaperience with existing similar designs, and testing of aitemate
configurations. * f

Figure 7 (ref. 73) illustrates some basic and recurrent problems in design of
single-convolution diaphragms and their retainers. In figure 7(a), overly generous retainer
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radii interfere with diaphragm flexing to the extent that diaphragm axial working deflection
is accompanicd by scuffing contact with retainer radii. As shown in figure 7(b), sharp
corners or toosmall retainer radii can produce stress concentrations and diaphragm cutting
at the sharp edges. and can result in premature fatigue failures. As shown in figure 7(c),
excessive diaphragm material thickness can result in wrinkling. Figure 7(d} illustrates
housing interference with full-stroke diaphragm deflection. These problems can be avoided
through design review of large-scale drawings that show a dinphragm actuator in iis extreme
displacement positions (allowing for fabrication tolerances).

2.1.2.2.2 interply and interface Contamination

When multiple-ply diaphragm elements are used. interply contaminants may produce
abrasion or rupture when a diaphragm is exposed to pressure, displacement, or vibration.
Nonmetal diaphragm materials frequently are used in multiple-ply configurations for greater
strength. They are, however, more susceptible to damage by contamination than are the
more abrasion-resistant and puncture-resistant metals. Contamination at the interfaces with
retaining parts has occurred with single-ply as well as with multiple-ply diaphragms. Mectal
diaphragms that are welded to retainers are especially susceptible to contamination because
of the potential for trapping weld spatter or other contaminants that are not detectable by




\ésual inspection. Formal procedures for forming, processing, and installing diaphragms are
often specified as a design contribution to effective cleanliness control.

2.1.2.2.3 Diaphragm Forming

2.1.2.2.3.1 Die Forming

Control of critical dimensions and of performance characteristics of a preformed diaphragm
is dependent on the configuration of the forming dies, the diaphragm material and its
processing, and the forming procedure. Changes in tooling, materials, material processing, or
forming procedures have reduced diaphragm endurance capabilities or have altered
diaphragm effective area and spring rate. A change in die geometry or surface finish, or a
change in forming procedure, can affect diaphragm critical dimensions, especially in the
vicinity of small radii. Material substitutions, such as the use of ground stock when rolled
stock is specified, or the use of cold-worked material when fully annealed material is
specified, can affect diaphragm structural and functional characteristics. '

References 64 and 65 present an illustrated discussion of metal-diaphragm hydroforming
techniques. Testing of representative samples of preformed diaphragms, in prototype
hardware as well as in fixtures, is customary in supplementing thorough inspection in
proving the adequacy of g particular set of dies.

Formally specified fabrication and quality control procedures are implemented to maintain
proven dies and ensure consistent production. Diaphragm dimensional variations can be
detected by physical inspection. Variations in localized material properties can be detected
only by destructive testing of sample diaphragms from each production lot.

2.1.2.2.3,2 Forming in Place

Convolution damage resulting from mismatch between preformed diaphragms and their
clamping surfaces sometimes can be precluded by the use of initially flat diaphragms that
are formed subsequent to installation. The actuator assembly is used as the diaphragm
forming fixture. Minor misalignment of inner and outer peripheral clamps is accommodated
by forming a nonuniform convolution that is matched to the assembly. The diaphragm is
formed by applying actuation pressure so that both pressure and actuator stroke contribute
to forming the diaphragm. This forming method is especially applicable when plastic
diaphragm materials are used. However, when proof or repeated operational pressure is
applied, a preformed plastic diaphragm may partially reform to match the assembly, with
consequent convolution damage. Diaphragm damage also has occurred when surge pressures
exceeded the forming pressure. Consequently, the use of formed-in-place diaphragms is
confined to those applications wherein the maximum predicted pressure is well below the
forming pressure. '
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2.1.2.3 SPRINGS
2.1.2.3.1 Spring-Force Control

Springs that apply lateral forces or nonuniformly distributed axial forces to a diaphragm
have praduced excessive friction and hysteresis in an assembly. They also have distorted
diaphragms and reduced cycle-life capability. These problems usually have been associated
with springs that were inadequately guided, or with springs that did not retain end-coil
squareness when compressed to installed height. Corrective action in such cases has been {o
fabricate a spring for end-coil squareness with the axis at the installed height, with no
specification for free-length squareness,

Reference 74 is a specification that supplements drawings for helical compression springs in
establishing detailed design and quality control requirements. Fach gpring is identified by its
drawing as a Class A, Class B, or Class C spring. Class A and Class B spring end coils are
ground flat within 0,005 in./in. (0.127 mm/mm) of spring outside diameter; Class C spring
end coils are ground flat within 0.010 in./in. (0.254 mm/mm). Spring end coils must be
square with the spring axis within 1 /2% at installed height for Class A springs, within 1° at
installed height for Class B springs, and within 3° at free fength for Class C springs. The
flat-eround end-coil arca must encompass 270° to 300° for Class A and Class B springs,
whereas 250° to 300° is allowed for Class € springs. Reference 74 also includes detailed
requirements for (1) finish on end-coil tips so that tip structural integrity is maintained. (2)
deburring. (3} uniformity of coil pitch. (4) spring straightness and coil concentricity, and (5)
general quality control. A single specification document, supplementing all drawings for
helical compression springs, permits greater detail in specifying design features and quality
control procedures than is feasible on individual drawings and ensures uniformity in spring
specifications,

Machined springs or flexures in a variety of configurations have been used for precision
reference  springs  in unique  situations, usually in actuators for operators or for
instrumentation. Precision springs. machined or formed, may require measurement of
geometric and functional parameters such as end-coil squareness and spring rate at specified
increments of deflection throughout the operating range.

Belleville springs designed and installed for operation with negative mechanical spring rates
are discussed in section 2.1.5.2

2.1.2.3.2 Temperature-Effect Compensation

The effects of actuator temperatures and temperature distributions on mechanical spring
forces and spring rates are discussed in section 2.1.1.4.2. Compensation for temperature
effects in helical springs is simplificd by the availability of spring materials with spring rates
that are nearly constant throughout a wide temperature range. Unfortunately, materials



available for forming metal diaphragms have significant temperature-related variations in
moduli of elasticity. Consequently, metal diaphragms have corresponding significant
variations in spring rates. This variability can result in szgn;ﬁcaﬁt changes in diaphragm
installed force and deflection force.

‘References 64 and 65 describe temperature-effect compensation in an assembly in which
‘positive spring rates of a metal diaphragm and a helical spring are offset by the negative
spring rate of a Belleville spring. The Belleville spring can be adjusted for operation in the
deflection region in which its spring rate is variable, and thus provide an adjustable
combined spring rate to compensate for spring-rate tolerances as well as for temperature
effects. Section 2.1.5.2 describes and illustrates the use of negative-rate Belleville springs for
actuators with adjustable spring rates. Reference 75 reviews a design concept to
accommodate temperature transients and to provide compensat;an adjustability in each
assembly in aﬂowmg for positive spring-rate tolerances. :

Figure 8 iaresents a simple design concept used to compensate for temperature effects by
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Figure 8. - Schematic of temperature-effect compensation of reference spring,

minimizing variations in diaphragm-actuator mechanical spring forces under transient
thermal conditions over a wide temperature range. The figure illustrates the physical
arrangement of the parts — the design depends for its effectiveness on the special properties
of the materials identified in the figure.

The metal diaphragm is installed in its nominally neutral position so that it contributes little
or no mechanical spring force. A helical spring made from Ni-Span-C spring material, heat
treated for a nearly constant spring rate throughout the operating temperature range,
provides the actuator reference force. The spring guide and spring retainer are made from
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440C that is heat treated for hardness and has a thermal coefficient of expansion nearly
identical to the coefficient for Ni-Span-C. The spring retainer is designed with perforations
and cutout sections so that its transient-temperature response is comparable to that of the
helical spring. The spring and its retainer are designed to maintain nearly equal temperatures
and to expand and contract together under all service conditions, independently of the
housing temperature distribution.

2.1.2.4 MATERIALS

Diaphragm material. either metal or nonmetal, is sefected on the bases of (1) compatibility
with the fluids to which it may be exposed, (2) strength and fatigue propertics throughout
the expected temperature range, (3) mechanical spring rate, (4) forming properties, and (5)
welding properties when welding is required.

For metal diaphragms, the most commonly used materials are 321 and 347 CRES.
Diaphragms have been formed with 17-7PIL but the use of this material is now in disfavor as
a result of its susceptibility to long-term stress corrosion. Diaphragms made from 17-7PH
and exposed to hydrogen have exhibited drastic reductions in cycle life as a result of
hydrogen embrittlement. Inconcl 718 diaphragms have been used successfully  with
hyvdrogen exposure. The use of Inconel 718 as a diaphragm material is increasing as a resuit
of its good forming and welding properties, its compatibility with reactive fluids. and its
relatively high strength and fatigue resistance.

The most commonly used nonmetal diaphragm materials for space-flight service are Mylar,
Teflon. and Kel-F. Mylar is especially suitable for eryogenic applications, and it has been
used extensively for diaphragms with low spring rates at temperatures as low as-320°F (78
K). Although Mylar has been used successfully in lip seals exposed to liquid hydrogen at
temperatures in the vicinity of -470°F (22 K), its reliability for use as a diaphragm material
with adequate cyele life at such low temperatures has not been verified. Diaphragms in
which plastics or elastomers are bonded to a reinforcing material such as fiberglass have been
subject to failures resulting from localized separation into plics and from pinhole teaks that
led to internal pressurization of layered material.

2.1.3 Bellows Actuators

2.1.3.1 GENERAL CONSIDERATIONS

Bellows in space-flight actuator assemblies are used primarily as pressure-sensing clements
for pressurc-actuated valves or instruments and as piston-rod  dynamic seals. A
lincar-displacement bellows actuator is a piston actuator with a flexing rather than a sliding
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dynamic seal. Bellows are used in place of diaphragms when the required working stroke
exceeds the displacement limitations of diaphragms, or when mechanical spring rates lower
than those of metal diaphragms are desired. Oﬁ}y metal bellows elements are used in
space-flight hardware.

2.1.3. 1.1 Fluid Inflow Effects

As discussed in section 2.1.2.1.1, thin-wall elements such as diaphragms and bellows require
protection against direct impingement of fluid inflow during initial pressurization and
during displacement transients. In bellows applications wherein installation or stroking
results in small clearances between convolutions, failures have resulted from an inflow of
solid-particle contaminants and, in some cases, from the formation of ice. Protective
measures employed are similar to those used for diaphragms.

2.1.3.1.2 Fluid-Flow Dynamic Forces

Bellows have failed from fatigue when bellows elements were exposed to continuing
fluid-flow dynamic forces. This condition can occur in a pressure-actuated valve assembly
when the bellows separates the actuator cavity from the valve effluent and when the bellows
is exposed to turbulent flow through the valve. This condition also can occur when a
pressure-sensing bellows in an actuator operator is exposed to turbulent flow or to
oscillatory fluid pressures. Fatigue failures under these conditions result from the cyclic
deflection of convolutions in response to driving forces. Bellows have failed when surge or
water-hammer pressures and accompanying transient stresses have been greater than
anticipated and have stressed the material beyond yield. Bellows elements sometimes are
enclosed in protective cylindrical sleeves with orifices for snubbing pressure transients.

2.1.3.1.3 Fatigue Life

The design requirements for an actuator usually specify a minimum number of full-stroke
cycles and a schedule of vibration inputs for which endurance capability must be
demonstrated. A bellows often is designed so that its resonant frequencies are above the
range of driving frequencies with significant energy. In cases wherein a bellows is exposed to
a liquid, the mass of the liquid in the convolutions is additive to the bellows mass in the
computation of axial natural frequencies, and the total liquid mass contained by the bellows
is additive to the bellows mass in the computation of transverse natural frequencies. )

Bellows fatigue failures resulting from vibration have been eliminated by the addition of
damping vanes or articulated bellows guides designed for dashpot damping. Hysteresis and
deadband in force-displacement characteristics accompanying bellows guide friction have
been minimized by the use of Teflon bushings or film lubrication at guide contact surfaces.
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Bellows with corrugations welded to each other exhibit much greater variation in fatigue life
than do formed bellows, and formed bellows therefore generally are more reliable.

2.1.3.1.4 Overstroking

If displacement of a bellows exceeds the maximum displacement for which it was designed.
the bellows may be distorted, cycle-life capability thereby being reduced. Although bellows
axial displacement may be limited by the actuation mechanism in a completed assembly,
inadvertent overstroking frequently is possible in a partially completed assembly. Bellows
element subassemblies often are designed with stroke-limiting stops in the subassembly to
preclude overstroking prior to installation. Otherwise, careful handling and installation
procedures are required. Differences in displacement capabilities of formed and welded
bellows are discussed in section 2.1.3.2.3.

2.1.32 BELLOWS ELEMENTS
2.1.3.2.1 General Requirements

Design configurations for metal bellows are illustrated and discussed in handbooks and
desien manuals such as reference 3. Analytic techniques and design practices reviewed in
references 69, 70, and 76 through 78 generally are applicable when supplemented by the
results of experience with space-flight hardware.

The Teast predictable aspect of bellows design is operational cycle-life endurance capability.
This difficulty exists primarily because the influence of resonant or forced vibration is not
exactly predictable. Obtaining structural properties in metal hellows that are consistent with
the functional and reliability requirements of a specific application frequently requires
iterative desipn and development effort.

2.1.3.2.2 Interply Contamination

Both single-ply and multiple-ply metal bellows are in common use. Multiple-ply bellows
clements are rated for higher allowable pressures than are single-ply elements with the same
mechanical spring rate. Multiple-ply bellows elements have been used to satisfy redundancy
requirements in critical applications. However, the theoretical advantages of multiple-ply
clements over single-ply elements in obtaining smaller envelope size or greater reliability are
offset by physical disadvantages. The major problem with multiple-ply elements is the
difficulty in obtaining and maintaining the required degree of interply  cleanliness
throughout the processes of fabricating the elements and welding the elements to their end
fittings. Interply contaminants can result in abrasion and rupture of bellows elements during
operation or exposure to vibration (refs. 79 through 81).

The use of cleaning procedures originally specified for parts that will be exposed to liquid
oxygen has been beneficial in obtaining the type and level of cleanliness required for




successful bellows fabric¢ation. These procedures are followed as general practice during
fabrication, although other cleaning procedures may be specified for the finished product.
Recleaning of bellows assembly parts is required whenever handling may zntroduce
contamination.

2.1.3.2.3 Fabrication Effects ‘ : | ) :

Metal bellows eleiments are fabricated in any one of several different ways: (1) mechaﬁiéal
or hydraulic die- forlning, (2) mach;nmg, (3} “deposition, or (4) weidmg 0f individual
comgat;ons to each other.

~ For a given ap’plicztion,‘ bellows with welded corrugations exhibit lower mechanical spring
rates, have greater allowable working strokes, and are more compact than formed bellows.
The welded types, however, are difficult to clean and inspect; they are subject to failures
resulting from weld spatter, weld slag, or other contaminants lodged between closely nested
corrugations; and they are subject to failures resulting from stress concentrations at the
notches of the weld beads. Changes in material properties in the weld-heat-affected zones of
bellows, as well as improper heat treatment, have resulted in premature’ fatigue failures.
Automatically controlled welding equipment is required for adequate control of the welding
process and the convolution-edge weld geometry. Bellows elements have been welded
directly to actuator housings and other actuator eiements but frequently are welded to end
fittings for subsequent welding or fastening.

Formed bellows frequently are installed in an actuator so that for a full stroke of the piston
approximately one-half the bellows deflection will be in compression and one-half in
extension. This installation results in little or no impairment of fatigue life, and a formed
bellows with axial length shorter than that of a bellows in compression only can be used.
The fatigue life of welded bellows, however, is reduced drastically (ref. 70, Appendix n)
when the bellows is deflected in extension. Nominally identical welded bellows also exhibit
great variation in fatigue life as a result of variations in the welding process and variations in
welding effects on materials properties. Tests indicate that increasing the internal pressure
will decrease the fatigue life of welded bellows. Internal pressures, within limits that
preclude bellows squirm (sec. 2.1.3.2.4), have negligible effect on the fatigue life of formed
beliews

Bellows elements have been corroded when strict cleanliness controls were not maintained
before, during, and immediately subsequent to welding. Crevices at slip-on joints at end
fittings require particular attention because they can trap contaminants or operating fluids
that promote ¢hemical or galvanic corr(}sa{m

Brazing and so}deﬂng are seldom used in fabricating space-flight bellows because the
required {lux materials can cause corrosion if not completely removed.

i
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2.1.3.2.4 Bellows Squirm

Bellows elements in actuator assemblics fend to be distorted by an internad prossure greater
than the external pressure: this distortion is called squirm. For typical actuator bellows, the
allowable pressure difference with internal pressure higher, as limited by squirming. is
drastically Jess than the allowable prossure difference with external pressure higher. The
problem of squirm is similar to the column-buckling problems encountered with long,
slender bellows elements. In applications wherein internally applied pressures may result in
squirm failures of simple bellows elements, or when buckling is a potential problem. the use
of seomented elements with guides {articuluted bellows)y may be required. Figure 9
illustrates a typical articulated bellows in an actuator assembly,

A
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figure 9 - Sietrhoof arhisglated bettons in artaator,

2.1.3.2.5 Quality Contro}

The thin sheet stock sizes used for bellows fubrication introduce functional sensitivity to
minor surface drrepularitics and to corrosion. A 0.001-in. (0,025 mm)-deep serateh in a
000540, (0127 mmithick bellows element has the ¢ffect of & deep notch. Shatlow
scratches, dents, dic marks, asperitics, and corrosion spots can concentrate oyclic stresses
and initiate structural failures. Bellows corrosion has resulted from fuilure to remove
forming oils, soap, or detergent solstions and other fluids used during fabrication and
testing, Fingerprint corrosion frequently oceurs on high guality sorfuces. Inadequate
cleanliness control prior to, during. and subsequent 1o welding operations and heat
freatment has resufted in rust pinholes and other forms of corrosion. Inadequate packaging,
handling, and installation procedures huve heen a frequent cause of bellows distortion and
other mechanical damage.




Formed bellows usually are subjected to visual inspection, leak tests, deflection tests, and
proof pressure tests so that the quality of each unit may be verified. These limited checks
are inadequate for bellows with welded convolutions. Visual inspection has been
supplemented by dye-penetrant tests but, to prevent corrosion, all traces of penetrants must
be removed prior to heat treatment or subsequent welding operations. Radiography has
been used, but sensitivity in detecting small flaws in circumferential weld seams is limited.
Inspection procedures usually include verification of bellows material and heat-treatment
certifications. Adequacy of welding procedures is assessed by examining samples
cross-sectioned from a production run in which all units are fabricated under the same
controlled conditions.

2.1.3.3 BELLOWS SPRING CHARACTERISTICS

The discussion in section 2.1.1.4.2 on temperature-related variations in mechanical spring
forces and spring rates of helical springs is generally applicable to metal bellows. Section
2.1.2.3.2 on compensation for temperature effects also is applicable.

2.1.3.4 BELLOWS MATERIALS

The bellows material for a given application is selected for compatibility with the fluids to
which it may be exposed, strength and fatigue life throughout the temperature range, and
good forming and welding properties. For space-flight applications, acceptable materials are
limited to the metal alloys with good corrosion resistance. Cold working during forming
increases the strength of some materials such as the 300-series CRES alloys; but annealed
stress-relieved bellows have more-nearly-linear mechanical spring rates, lower hysteresis,
greater fatigue life, and greater thermal stability. The most commonly used materials for
space-flight service are 321 and 347 CRES, 17-7PH, A286, AM355, Inconel X, Inconel 718,
and beryllium copper. As noted previously, 17-7PH is subject to long-term stress corrosion
and to hydrogen embrittlement. 321 and 347 CRES are the most commonly used bellows
materials for applications within their stress limitations. Inconel 718 bellows are compatible
with hydrogen and with most reactive fluids, including fluorine (refs. 79 and 80). As in the
case of diaphragms, the use of Inconel 718 is increasing as a result of its good forming and
welding properties, its strength and fatigue resistance, and its corrosion resistance.

2.1.4 Solenoid and Torque-Motor Actuators

Solenoid actuators are devices that contain a magnetic flux path, a movable armature with
on-off full-stroke displacement, and one or more coils of wire for conducting electricity and
exciting a magnetic field. These devices convert an electrical-energy input into a
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mechanical-motion output. Only direct-current solenoid actuators are used in space-flight
hardware. Solenoid actuatons appear most frequently in single-coil configurations with a
lincur-motion plunger armature or a {lat-plate armature. Many special-purpose solenoid
actuator confipurations have been developed, including multiple windings in a single coil,
multiple coils. and 3 combination of coils and permuanent magnets: some types have had
mechanical hatching festures Reference 3 iHlustrates and deseribes g varfety of typical
confivurations.  References 82 through 93 present fundumentale of electromuagnetic
muterials, circuits, and design procedures. ‘

Torque motors, in which the interaction of maenetic fields s controlied to apply 3 magnetic
torgue to an aranture with a limited angulor displacement, were originadly developed as
small servovalve actuators, Larger versions of this actuator concept {ref. 943 have been
developed for direet actuation of Dustresponse flow-control valves, including methanically
linked bipropeliant valves. Although torque motors differ in mechanival configuration from
comventional solenoid actustors, both have the sane problems in coil desien, coll enclosure,
clectrical connector, and materinls. The same features that are critical in the successful
design of solenoid actuators are, in general, also applicable fo forque motors

2.14.1 ELECTROMAGNETIC CIRCIHTS
2.1.4.1.1 Materials

The materinls for external surfaces of an clectromagnetic actuator must be sufficiently
corrosion resistant fo satisfy space-fight hurdware requirements for saltspray qualification
testing, Internal or external materials must be compatible with reactive fuids or vapors,
Corrosion resistance in the presence of confaminants, including water or water vapor, is
essential in satisfving  the  high-relinbility  requirements of  space-flizght servive.
Corrosion-resistant surface platings on ferromagnetic materials that are not inherently
corrosion resistant have fuiled to provide protection when an accidental seratch penctrated
the plating and resulied in loss of corrosion resistance. Nonuniform plating thickness gt
corners or other surface discontinnities has resulted in inadeguate corrosion resistance or in
mechanical interference between close-fitting parts,

Space-Thight solenoid actuntors usually are desipned to use ferromagnetic materials such as
4416, 430, or 4301 CRES that do not require plating for corrosion resistance when exposed
surfaces are machined for smooth finishes, Surface finkhes of 16 p'in, {0,406 ymY AA . or
smoother, usually are specified for eritical surfaces exposed to reactive fluids, Because the
magnetic properties of materials are altered significantly by cold working. it is common
praciice to anncal all machined parts subsequent to rough machining and prior o finish
machining, care being taken to ensure that the finishing removes very Hitle materisl

"
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2.1.4.1.2 Eddy Currents

Induced eddy currents frequently introduce a time lag between a change in coil field
strength and the resulting change in working airgap flux; this effect limits high-speed
response. When ferromagnetic materials with high electrical resistivity are used to minimize
induced eddy currents, the exposed surfaces must be plated for corrosion resistance. The use
of machined slots in ferromagnetic materials in the flux circuit, analogous to the use of
laminated materials, has proven to be an effective means of increasing the electrical
resistance to eddy currents; the accompanying loss of magnetic permeability is minor.
Locating the center of an electromagnetic coil as close to a working airgap as is structurally
feasible minimizes the energize and deenergize time lags that result from induced eddy
currents in the flux path between the coil and the airgap. Computation of eddy current
effects in actuator magnetic circuit configurations is complex and inexact, and the present
state of the art requires reliance on experience with similar configurations and on
cut-and-try techniques. References 91 through 93, and the bibliographies therein, are typical
of the literature on this topic. The literature provides insight into eddy-current problems,
but practical solutions remain empirical when high-speed response is required.

2.1.4.1.3 Residual Magnetism

Solenoid actuators for space-flight service are required to operate with electrical signal
circuits in which there may be a leakage current when the circuit is in its deenergized mode.
This requirement evolves from the use of solid-state switching circuits with allowable
leakage currents and from the use of test circuits in which not all ground connections are
made to a common ground potential. Deenergized-mode leakage current in a solenoid
actuator coil excites a residual electromagnetic field that supplements the residual
ferromagnetic field of the magnetic circuit materials. When a signal circuit is deenergized
subsequent to actuation of a solenoid actuator, the residual magnetic forces act in the
direction of holding the actuator in its actuated position, and consequently oppose
deactuation. In many applications, positive deactuation must be obtained without the
assistance of actuator working-load forces acting in the deactuation direction. Such is the
case in a normally closed solenoid valve that must close subsequent to each test or checkout
prior to application of fluid pressure. In many electromagnetic actuators, residual magnetic
forces are opposed by return-spring forces that also oppose actuation. Residual magnetic
forces can be reduced significantly by increasing the size of one or more air gaps in the
magnetic circuit, with a consequent reduction in actuation force. A nonmagnetic spacer
installed in a working air gap does not affect actuation force but does reduce residual
magnetic force at the expense of actuator stroke. Residual magnetism has retarded solenoid
deactuation when presumably nonmagnetic materials used as shims or spacers in an air gap
were actually ferromagnetic in behavior (e.g., rolled 302 CRES shim stock that was not
annealed subsequent to rolling). '
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2.1.4.1.4 External Magnetic Fields

Design requirement< limiting the magnetic ficld surrounding electromagnetic actuators have
not been impoced in most rocket enpine and vehicle applications. Such requirements,
however. may become more common in future spacecraft programs. For example, for the
Pioncer F and G spacecraft thruster, solenoid-valve specifications require an overall magnetic
ficld strength of less than 50 gamma (5051077 teslas) while encrgized and less than 10
gamma (105107 teshaay while deencergized, at a distance of 1 foot (30458 cm) in 2l
directions. Other component magnctic field strengths are Timited to 3 gamma (31077 testus)
at a 1-ft (3048 cm) distance to allow proper operation of onboard magnetometer
experiments.,

Calculution of the permeance of leakage flux paths and mapping of the magnetic field
surrounding an actuator require simplifying approximations for practical computations.
Although not precise, analysis is used to predetermine the effects of voltage trunsients and
the  distribution  of  ferromagnetic materials on leakage flux. Correlations between
experimental and theoretical information for existing confipurations are made to estahlich
confidence Tevels for new dedigns.,

2142 ELECTRICAL CIRCUITS
2.1.4.2.1 Voltage Surge Suppression

insulation breakdown has occurred in electrical systems as a result of the voltags surge that
can be generated by the sudden collapse of the magnetic field in a solenoid actuator when
the solenoid s deenergizved. It is common practice to design solenoids to z*;iﬁ;steﬂfi
insulation tests at 1000 volis, hecanse surpes of this magnitude can he generated. Whe
solenoids are designed to withstand the maximum anticipated voltage transient. deene 33%?
SUrges are not a ;‘5?{3?33%}%22 within a solenoid actuator as a system component; but these surges
can be a problem elsewhere in the svstem, particularly in the switchine elements

As an alternate to desipning all circult elements to withstand the anticipated voltuge surpes,
voltage surges can be suppressed in the electrical circuit external to a solenoid actuator, or
they may be suppressed within a solenoid actuator assembly. Reference 93 discusses various
circuit desiens for valtuge-surge suppression within a solenoid-actuator assembly. These
include combinations of resistors, capacitors, and diodes shunted across a coil: the use of
slugs, sleeves, and concentric coils: and the use of bifilar coil windines je., two wires wound
together to form two closely coupled coils in one subassembly | one coil for actuation and
one coil short-circuited fo suppress volisre frandionts,

Hermetically sealed colls for space-flight applications wsuadlv are baked to remove moisture
and coibentrained pases, cure the eoil varnishand annest the insnlotion materials, Processing
femperatures, and coll femperatures when g solenold actustor s enereived. Hmit the use of




resistors, capacitors, and diodes as integral parts of a coil assembly. Slugs, sleeves, and
concentric coils are not as closely coupled to the actuation coil as a bifilar coil, and
consequently are not as effective. Some surge-suppression circuits with diodes require a
polarity-sensitive coil assembly, with consequent hazard of installation error. All
surge-suppression devices within an actuator assembly add to its size, and solenoid actuator
size and weight frequently are primary design considerations.

Most significantly, any design approach for suppressing deenergize voltage transients that
can in any way also suppress energize voltage transients complicates the problem of
designing for fast and repeatable energize and deenergize response timing. When
repeatability in response timing is required or is desirable in solenoid-actuated devices (e.g.,
two propellant valves that must actuate nearly synchronously, or pilot valves that should be
replaceable without alteration of the timing of a control system), repeatability often is
obtained by designing for fast response. With fast response, relatively large percentage
variations in response timing result in small variations in absolute timing. The need for
voltage-surge-suppression features may be in conflict with the response requirements, and
solenoid design must be coordinated with electrical system design in accommodating both
needs.

2.1.4.2.2 Driving Circuits

The most simple driving circuit for a solenoid actuator is a power supply and a manually
operated mechanical switch, as frequently used in test or checkout setups. In space-flight
control systems, switching is in response to control system signals, and the switching
function usually is performed by circuits with solid-state elements. The driving circuits
frequently are designed with elements for suppressing radio frequencies and for
compensating or shaping transient response. Compensating features for protection of circuit
elements usually include devices for suppressing deenergize voltage surge. Response-shaping
networks occasionally are used for applying full supply voltage to a solenoid for actuation
and, following a time delay, applying a lower voltage to minimize solenoid steady-state
holding current. '

When the design of a solenoid actuator and its driving circuit are closely coordinated,
actuator speed of response and steady-state current drain characteristics can be optimized.
Driving-circuit design for response shaping may be a necessity when both fast response and
low steady-state current drain are required with large solenoid actuators. Problems in the
design of solenoid actuators and driving-circuits have resulted from insufficient design
coordination. The most common problem arises when the design specifications for a
solenoid actuator state or imply step inputs in applied voltage, as approximated by a
snap-action switch and a well-regulated power supply, when in fact the driving-circuit
transient response is appreciably different as a result of its transient-suppression and
response-shaping characteristics. (Although solenoid driving circuits may be physically
incorporated in an actuator assembly, a discussion of driving-circuit detail design is beyond
the scope of this monograph.) ‘
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2143 CcoiLs
2.1.4.3.1 Corrosion Protection

For space-flight service, solenoid-actuator coil spaces must be kept dry and chemically
neutral, because coil voltages in the presence of dilute acids promote destructive electrolysis.
The presence of contuminants and maoisture can result in destructive arcing between
electrical connector pins. For these reasons, isolation and hermetic sealing of coil spaces
have become standard practices. In some designs, coil protection is achieved by using static
scals, which permit disassembly, or by varnish-impregnation, encapsulation, or potting. The
term “hermetic sealing.™ however, usually implies a welded seal, with the coil space
carcfully dried and purged with a dry inert gas prior to final scaling.

As noted previously, hermetically sealed coil windings usually are varnished and baked 1o
remove moisture and anneal the insalation materials; this action also provides secondary
protection against Joss of hermetic sealing. The hermetic seal frequently has been lost when
glass insulation bonded to the electrical connector pins and to the connector shell has been
suhjected to thermal transients during welding, testing, or operation. Corrosion has occurred
in hermetically sealed coils ag a result of inadequate dryving or from introduction of moisture
during purging prior to final sealing. Formal process control is essential in preventing such
failures. .

2.1.4.3.2 Coil-Wire Insulation
21,4321 Temperature Limiftations

Both government {(ref. 90) and industry stundards have been established to specify a grade
of insulated wire known as “magnet wire.” This wire is fabricated in American Wire Gage
(AWG) sizes specifically for use in electrical coils, and its quality is rigorously controlled.
Insulated magnet wire is classificd according to its maximum rated operating temperature,
the type of insulation material, and the thickness of the insulation. The maximum hot-spot
temperature in a coil is the determining factor in selecting magnet-wire insulation with 2
suitable temperature rating.

Various types of plastie-film insulation are in increasingly common use, and for space-flight
hardware the plastic insulations are used almost exclusively. These plastics are available with
temperature ratings of 105°, 1307, 155°, 180°, and 200°C (378. 403, 428,453, and 473 K).
Standards have not yet been established for magnet-wire insulations suitable for operation at
temperatures exceeding 200°C (473 K): various commercial insulations are available,
however, for operation in this temperature range.

Ceramic-film insulations overlaid on nickel-coated copper are usable at temperatures above
500°C (773 K). At these temperatures, a migration of conductor material into the insulation




results in a continuous increase in the wire resistance and a decrease in the insulation
dielectric strength; the rate of migration increases with temperature. The number of hours at
which insulated wires of these types can be exposed to a given temperature usually is limited
to the time required for a 10-percent increase in wire resistance.

Insulation in the form of sheets or tape to separate coil layers from each other or to separate
.coils from surrounding materials is made from a greater variety of materials than is available
for wire insulation. Most insulation materials have trade name designations, and
manufacturers’ - data should be consulted for complete kStngS and spec&fic &pphcat;on
-information.. & S

2.1.4. 3. 2.2 Es’ecz‘rsmf Resistance and Dielectric Strength

.Several factors are considered in selecting insulation thicknesses. Dielectric strength related
1o insulation thickness must be adequate to withstand the maximum transientvoltage that
will be encountered. Surges approaching 1000 volts frequently occur when a coil is
-deenergized, either in service or during tests. Insulation thicknesses are limited /by coil size
limitations. The choice of wire insulation thickness for any wire size affects the number of
_coil turns in a unit cross section of a coil and, therefore, affects coil size ané the ratio of coil
turns to coil resistance (ref. 85). =

Two separate tests of coil insulation are in general use for inspection purposes. One test
measures the resistance to direct current between the coil conductor and the housing
enclosing the coil; the other measures the dielectric strength of the coil insulation. The
direct-current test is an accurate quantitative test of limited scope; the dielectric-strength
test serves as a quahtatwe test to detect defective or marginal coils,

The direct-current resmtance nsu&iiy is measured with g “megger” that 3pphes a é;ffezentzal
voltage (usually 500 or 600 volts dc) to the coil conductor and its housing and measures the
leakage current through the insulation. A microammeter in the megger is calibrated in units
of megohms resistance. The required insulation resistance to direct current from conductor
to housing will vary with specific applications but is generally 100 megohms or greater. In
well-designed and well-constructed coils, resistances of several thousand megohms are
achieved easily. For a coil with negligible capacitance and dielectric absorption, when 100
megohms has been specified as the minimum acceptable direct-current resistance for the coil
insulation, the corresponding maximum leakage current at 1000 volts dc is approximately
10 microamperes. A reasonable allowable current flow during a 1000 volts ac test would be
200 to 500 microamperes; this: current level allows for equlpment ilmltatlaﬂs cap&mtance

and dielectric absorption. :

A dielectric-strength test is performed by measuring alternating-current leakage through the

insulation. This test is performed at a higher electric potential than the megger test and
-usually is referred to as a “hi-pot” test. As a general practice, 1000 volts ac plus twice the
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rated voltage is applicd as a test voltage. This practice, however, is adjusted to suit the needs
of specific component applications. For 28-volt de solenoid coils. a test voltage of 1000
(+100.-0) volts ac usually is specified. Torque motors in circuits that do not experience high
voltage surges frequently are tested at 600 volts ac or Jess,

Diclectric-strength test equipment usually is designed to operate at 60 Hz with an adjustable
output voltage. Defective insulation or too-close spacing of conducting materials will result
in an abrupt increase in alternating-current flow as the test potential applicd to a coil is
increased. The test equipment is desipned to imit the maximum current flow in the event of
an insulation breakdown. In addition to mwasuring very small insulation-leakage currents,
the test equipment also measures current flow resulting from capacitunce and dielectric
ghsorption.

Diclectric-strength tests tend to degrade insulation properties, and coils have been damaged
by repetitive tests. It s now common practice to limit these tests in time duration and in
number. Limiting the number of tests requires careful review and monitoring of all
checkouts and tests to which a coil assembly is exposed throughout its fabrication,
acceplance testing. and service ife

Although it is convenient for applying high voltages and for detecting insulation flaws not
detectable with 3 megger test, the diclectric-strength test does not provide for accurate
measurement of direct-current resistunce a3 an isolated parameter. A megpger test and 3
diclectric-strength test serve two different purposes: neither is adequate in itself, but in
properly related combination they provide for an adequate inspection of coil insulation
qualitics.

2.1.4.3.3 Temperature-Effect Compensation

Although insulated copper magnet wire manufactured to government specifications (ref. 90)
is the most commoniy used current conductor for solenoid and forque motor coils, other
metals and alloys are available in magnet quality wire form and frequently are useful in coil
designs for space-flight hardware. When a coil must operate over a wide range of
temperatures, the use of a wire material with a temperature coefficient of resistunce much
lower than that of coppper is used to limit variations in coil resistance, and therefore in coil
current. resulting from femperature variations. Low temperature coefficients, however, are
accompanicd by high resistivities, as shown in table 1L

A coil that satisfics the requirements for ampere-turns and for minimum current variation
with coil temperature can be obtained with relatively few coil turns of a high-resistance,
low-temperature-coefiicient wire {e.g., constantan) in series with a relatively large number of
coil turns of copper wire. With most of the coil resistance in a length of wire that has
negligible chanpe of resistance with temperature, 3 change in overall coil resistance resulis
only from change in the low-resistance copper that provides the required number of coil




TABLE II. — Resistivity and Temperature Coefficient of Resistance for Typical Coil Wires

Material Composition Resistivity at 20°C (293 K) Temperature Coefficient
‘ ohms/cir. mil. ft microhm-cm o, K1
Silver Ag : 9.79 1.63 0.0038
Copper - Cu 10.37 1.73 0.0039
Aluminum - Al 16.10 2.68 © 0.0044
Radio alloy 30 2 Ni, 98 Cu 30 5 0.0013
" Radio alloy 60 6Ni,94Cu 60 10 0.0005
Radio alloy 90 12 Ni, 88 Cu | 90 15 0.0004
Radio alloy 180 22 Ni, 78 Cu 180 30 0.00018
Constantan 45Ni, 55Cu 294 49 0.00004
wire length

Notes: (1} Resistance at 293 K =R,g3 = resistivity X ——————
(wire diam.)?

(2) Rp (T # 293K)=Ry93 |1 +ofT ~293)]

turns. For example, consider a coil wound with 15 turns of constantan wire with a .
resistance of 25 ohms in series with 985 turns of copper wire with a resistance of 5 ohms.
The coil has totals of 1000 turns and 30 ohms resistance. Because the constantan has a
negligible temperature coefficient of resistance, only 1/6 of the total coil resistance is
subject to significant variation with coil temperature, and coil current variations with
temperature will be only 1/6 as much as would occur in a 1000-turn, 30-ohm coil wound
entirely with copper wire of appropriate size and resistance. ‘

Concentrating the coil resistance in relatively few coil turns also concentrates the conversion
of electrical energy to heat energy, and the coil must be designed to accommodate the
resulting hot spot. When a coil must operate ‘at temperatures that promote rapid oxidation
of copper, nickel-clad copper wire frequently is used. For temperatures approaching the
melting point of copper, other metals or alloys must be used.

2.1.4.3.4 Coil-Wire Extensions

Extension wires between coils and their electrical connectors have failed because of
vibration-induced flexing of the extension wires. These fatigue failures usually have occurred
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at the soldered attachments to electrical connector pins. Failures also have resulted from
mechanical damage to coil-wire ends or to extension-wire ends when the insulation film was
stripped to expose the wire ends for soldering or welding: nicks. scratches, or thinning of a
wire increase the susceptibility to failure from vibration and to failure from localized
excessive current density and overheating. When coil wires are small, it is common practice
to attach heavier extension wires to the coil wires and mechanically restrain the attachment
joints. The extension wires often must be flexible so that they can be nested easily,
subsequent to attachment to electrical connector pins, as the connector is mancuvered into
position fo; welding the connector to a coil housing. A combination of flexibility and
mechanical strenpth in coil extension wires is obtained by using multistrand  wires.
Plastic-film insulation permits use of thermal techniques for stripping insulation at wire ends
to preclude potential damage resulting from mechanical stripping.

2.1.4.4 ELECTRICAL CONNECTORS
2.1.4.4.1 Construction and Materials
Flectrical connectors for hermetically  sealed  coil enclosures include a connector

configuration that complics with electrical-system requirements for attachment of a mating
connector and an adapter section that accommodates a weld joint, as illustrated in figure 10,
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figure 10 - Shetoh of electrical connertor for hermetically seated coll enclosure,
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The geometry of the connector configuration usually is established by system specifications
that standardize the type of connector to be used throughout the system. The design of
adapter sections for joining a connector to an actuator housing is an integral part of the
actuator design activity. '

Damag€ t(} connector-pin insulation or to actuator-coil insulation occasionally has resulted
from excessive temperatures or temperature gradients during welding operations. For the
connector shown in figure 10, these thermal problems are minimized by machining the
connector shell from a single piece of bar stock and by locating the weld joint as far away
from the pin insulation as practical size limitations permit. Connector temperature rise
during welding is mmlmlzeé by attaching a metal mass to the connector to act as a heat
sink. Carefully controlled, automatic-welding procedures are used to limit heat input.

Short circuits have occurred and pins have corroded in electrical connectors exposed to
external moisture or reactive propellants. Pin alloys with the lowest electrical resistance
require plating for corrosion resistance. Pin plating has been an unsuccessful corrosion
preventive, because the plating is discontinuous at the intersection with the bonded-glass pin
insulators. Nonplated 300-series-CRES pins are now in common use.

The most cemmbﬁly used connector shell materials are the 321, 347, 304L, and 316L CRES
alloys. The same materials are used for corrosion-resistant pins.

Electrical circuits have been connected incorrectly when identical connectors were used for
various components in a system. To preclude cross-connection errors, connectors of
different sizes and connectors with different numbers of pins are employed in circuit
locations where the possibility for these errors exists.

Redundant connector pins have been used to provide parallel paths through conduit and
actuator mating connectors for greater assurance that reliable contact will be maintained
under operating conditions.

Electrical harness or cablé connectors have loosened or detached under vibration and have
opened electrical circuits. This problem has been eliminated by lockwiring connectors to
actuator housings. '

2.1.4.4.2 Connector Breakdown

Electrical breakdown between connector pins or between pins and a connector metal shell
has occurred during tests of coil insulation resistance and dielectric strength. When test
specifications are adequate for identifying solenoid-actuator assemblies with marginal or
deficient insulation resistance or dielectric strength, inadequate units are rejected during
tests prior to acceptance for flight service. In some instances, breakdown has resulted from
contaminated or improperly cleaned electrical connector insulation surfaces. Arcing has
resulted from improper drying, purging, and gas filling of hermetically sealed coil spaces.
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Hermetically sealed solenoid coil enclosures usually are designed with one or more small
ports so that each enclosure can be pressurized with helium gas and the seal welds then
tested with bhelium jeak-detecting equipment. An acceptable enclosure &3 then purged with
dry nitrogen gas, and the ports are sealed to enclose a nitrogen-gas fill at atmospheric
pressure and nominal room temperature. Because the diclectric strength of helium is
sipnificantly lower than the diclectric strength of nitrogen under these conditions,
connector-coil assemblics that are acceptable when thoroughly purged with dry nitrogen
may he susceptible to arcing when substuntial helium is present.

Table HI lists the relative diclectric strengths of common gases at standard sea-fevel pressure
and temperature (760 mm He, 288 K). In uniform electric fields, breakdown occurs at a

TABLE 1. — Relative Diclectric Strengths of Common Gases
at Standard Sea-Level Pressure and Temperature

Relative
Gas dicleetric strength
Nitrogen 1.00
Air HARS
Oxyveen 090
Hydropen 057
Argon 028
Neon 0.13
Helium .14

voltage that is a function of the gas pressure and the electrode spacing, as shown in figure 11
(Paschen™s curves) for several gases at 20°C (293 K) {refs. 88 and 89). Diclectric strength
varies with gas temperature only as the latter affects gas density, and the data in figure 11
can be adiusted accordinghy.

As indicated in figpure 11, for a given clectrode spacing, breakdown voltage decreases with
decreasing prescure (o a minimum value, Further reduction in pressure results in an increase
in breakdown voltage; thus, hermetically sealed enclosures containing 2 hard vacuum have
been used to obtain high internal diclectric strength, The disadvantape of an enclosed
vacuum is that it is susceptible to undetected feakage from the external environment.
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Figure 11 - Breakdown voltages of selected gases at cnasa
function of electrode spacing d and pressure P {refs. 88 and 89).

The Apollo Lunar Module Descent Engine (LMDE) employs a hermetically sealed
torque-motor actuator for throttle-valve linkage. The sealed enclosure is filled with a
mixture of 10-percent helium, 90-percent nitrogen at 0.25 + 0.1 psia (1.72 + 0.70 kN/m?;
the helium is employed as a leak-test tracer. The system does not experience high voltage
surges, and internal dielectric strength is adequate. At the charge pressure, a snapover-disk
pressure indicator in the assembly is concave with sea-level ambient pressure. If a housing
leak develops and internal pressure increases to approximately 12 psia (82.7 kN/m?), the
indicator disk snaps into the convex position. : '

Other materials and methods have proven effective in providing high pin-pin or pin-case
dielectric strength and insulation resistance when conditions permit. When the physical
spacing between adjacent pins or between pins and the connector metal shell is small, as in
miniature connectors, potting compounds have been used to fill the spaces between pins and
the connector shell. Increased resistance to electrical breakdown thereby is obtained with a
technique that also provides mechanical support of lead-wire attachments. External mating
connectors frequently are designed with compressible-elastomer insulating seals that provide
an increased dielectric path between adjacent pins and betweeén the pins and the. shell.
External mating connectors are visually inspected and blown clean with filtered dry nitrogen
gas immediately prior to making an attachment.

2.1.5 Snap-Action Actuators

Snap-action actuators have the characteristic of nonlinear response to an input signal. When
a gradually changing input signal reaches a value at which actuation is initiated, the actuator
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responds by displacing rapidly to its fullstroke position. In hydranlic and pneumatic
actuators, nonlincar response can be obtained when initiation of motion, in response to an
input signal pressure applied to a primary pressuresensing effective arca, exposes a
secondary pressuressensing area to fluid pressure to produce an unbalunced opening foree. In
electromagnetic actuators of the plungersolenoid type, plunger linesr motion decreases the
axial length of the working air gap. thereby increasing the air-gap permeance: and the
applicd magnetic actuation force increases exponentially as s function of plunger
displucement once sufficient ampere-turns have been applied to initiate plunger motion.

In the preceding examples, snap action is obtained by applying actuation forces as a
function of actuator displacement to supplement an applied signal force once motion
commences. Alternatively, snap action can he obtained when the forces opposing actuation
decrease as a function of actuator displacement when a signal force sufficient to initiate
motion is applicd and maintained. This type of snap-action actuator uses mechanical springs
with negative spring rates,

Snap-action concepts are most frequently employed in actuators for on-off pilot valves and
switching devices when fast response and positive actuation without chatter are required.

2.1.5.1 REGENERATIVE-FORCE ACTUATORS

A varicty of pneumatic and hydraulic snap-action valve actuators have been developed to
utilize the valve effluent pressure for applying regenerative actuation forces as functions of
valve displacement following initiation of valve motion by a signal pressure, Figure 12
fllustrates two design concepts for regenerative-foree actuators,

In the desien in figure 12(a). poeumatic inlet pressure forces applied to the stem of a
normally closed three-way valve are balunced when the valve i closed. because the
diaphragm exposed to inlet pressure has an effective arca nominally equal to the
cross-sectional seating area of the inlet poppet. The signal-pressure level at which the poppet
starts to move from its normal position is controlled by a shim-adjustable helical-spring
reference foree. When an increasing signal pressure is sufficient to unseat the inlet poppet.
pneumatic flow from inlet to outlet and from outlel to vent results in a pressure increase
acting as an unbalanced actuating force against the crosssectional area of the poppet vent
scat. As the poppet displaces, the inlet flow area increases, the vent flow area decreases, the
unbalanced actuation pressure foree increases exponentially, and snap-action results. It is
essential that the increase in unbalanced actuation force resulting from inlet flow as a
function of poppet displacement be  greater than the increase in the opposing
reference-spring force  resulting from mechanical spring rate. In this desien, the
signal-pressure setting is a specificd differential pressure above the vent-cavity pressure.

Figure 12(b) illustrates a design concept for a snap-action, hydraulic, four-way spool valve.
Lincar motion from the normal position commences when a signal-pressure force acting
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against an actuator piston exceeds the opposing helicalspring reference foree. A secondary
actuation surfuce, one end of the spool valve at signal pressure, is ported to system return
pressure when the valve s in s normal position. A small Hinear displacement of the sponl
vitlve uncovers a port in the spool sleeve and admits flow from supply pressure to the cavity
at signal pressure. The resulting unbalunced sctuation foree produces snap-action, full-stroke
displucement. In this desion, the signal pressure setting s g specified differential pressure
ahove sysfem relurn pressure.

An inherent problem exists in all pressure-sensing snap-action devices when the device must
operate af sensed-pressure evels near the actustion-prossure setting. Acceleration force
inputs assaciated with vibration can induce fullstroke on-off ¢ycling when the bandwidth
between the pressure fevels required for actuation and for deactuation is small Interaction
between sensed pressure and actuation of a snap-action device, as affected by acceleration
forces and bandwidth, requires system design analysis bevond the scope of component
desien studies. A snap-action device that performs well in one system may exhibit on-off
eyeling in a different system. Time lags in dynamic response in pressure-sensing lines and
passages require careful evaluation. Close coordination of system design and snap-action
component design is essential in achicving suceessful performuance,

2.15.2 NEGATIVE-RATE-SPRING ACTUATORS

Snap-action design concepts using negative-rate Belleville springs have been developed for
on-off devices such as pressure switches, positiondndicating switches, relief valves, pilot
valves, and on-off pressure regulators. Figure 13 is a schematic of a simple on-off, or
“bang-bang™ pressure regulator that illustrates the basic actuator design factors.

Helizat-spring Pars
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figure 13 - Schematic of saup-artion actualer with negalive meshanical spring rate,
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The diaphragm actuator in figure 13 is biased in the valve-open direction by a helical spring
and by a Belleville spring designed and installed to operate in its negative-rate range of
deflection. The negative spring rate of the Belleville spring is numerically greater than the
sum of the positive spring rates of the helical spring and the diaphragm, so that the actuator
net spring rate is negative. When the sum of the inlet and outlet pressure forces applied to
the actuator exceeds the net installed spring force, as the actuator displaces from its normal
position and the actuator net spring force decreases with displacement, the pressure forces
that initiated displacement are greater than the opposing spring force, and the valve snaps
closed. The valve will remain closed until the outlet pressure decays sufficiently to initiate
displacement in the valve-opening direction. As the valve begins to open and the actuator
net spring force increases with displacement, the net spring force exceeds the pressure force,
and the valve snaps open.

Figure 14 illustrates the Belleville-spring force-vs-deflection characteristics. The mechanical
spring rate, the slope of the curve, is a function of the spring deflection from free height.
Point A in figure 14 is a typical point on the force-deflection curve in its negative-spring-rate
region. At point A, a decrease in spring force AF accompanies an increase in spring
deflection AX. If the spring is installed with a deflection from its free height that is greater
than the deflection at point A, the slope of the curve is steeper and the spring has a greater
negative spring rate.

FOrCE mme
/
/
/
/
’

Deflection

Figure 14 - Belleville-spring force-vs-deflection characteristics.

In the regulator shown in figure 13, the shims for adjustment of the Belleville-spring
installed height provide for adjustment of the Belleville-spring rate to compensate for
- fabrication tolerances affecting the spring rates of the helical spring, the diaphragm, and the
Belleville spring, and thus provide for adjustment of the actuator combined mechanical
spring rate. When the actuator net spring rate has been adjusted, the net installed spring
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force is adjusted by changing the helical-spring shim thickness. Net installed spring foree
controls the outlet pressure setting. and net spring rate controls the bandwidth in regulated
outlet pressure. References 3,47, and 458 present basic design procedures and desien data for
Bellevitle springs. References 64 through 68, 96, and 97 discuss problems in the application
of negative-rate Belleville spring< in snap-action actuators and present problem solutions that
have been developed.

Differences between computed and actual negative-rate spring characteristics frequently
require iterative design and development effort when precision is required. Obtaining
repeatable spring characteristics in production Belleville springs frequently entails a high
rejection rate. Static friction and sliding friction at spring inner- and outer-edge support
surfaces introduce significant hysteresis, and thereby limit repeatability. References 64, 65,
and 96 review techniques for minimizing friction by the use of spacer rings at the inner and
outer edees. In the actuator of fipure 13, friction s maintained within aceeptable Hmits by
close control of spring edge radii and by the use of hardened spring supports with smooth
surface finishes,

2.1.6 Rotary Actuators

Hydraulic, pacumatic, and electric rotary actuators offer the advantage of compactnese
when a rotary outpul motion is required and the actuastor cun be directly coupled 10 i1
loading device. A rotary actustor with gearing may be more compact than an cquivalent
Hnear actuater with a lnecar-fo-rolary motion fransmission. Rotary actuastors with
rotarv-todinear motion drive mechanisms may offer size sdvantazes when long-stroke
lincar-mntion outpuf is required.

2.1.6.1 HYDRAULIC AND PNEUMATIC ACTUATORS

The primary disadvantages of hyvdranlic and pneumatic rotary actuators are associated with
rotor-tostator dyvmamic seals and with actustion-fluid Jeakage. Relatively high keakage
flowrates and varistions in leakage fowrates resulting from clearance changes as functions of
pressure, temperature, and angular displacement introduce problems in control of actuator
response and efficient use of operating fluids. In on-off applications with response time
controlled by orifices or other flow restrictions, the response time varies with changes in
actuator keakage. In modulating applications with actuator response controlled by 3
servovalve, the actuation system response-time constants and system stiffness are both
affvcted by voriations in feakage. The on-off rotary actuator thus is Hmited to applications
in which timing control & not critical; the modulating rotary actuntor may require a
closed-loop system desien that compensates for variations in keakage, References 98 through
Y review the current state of the art in the analysis and desien of hydraulic and pncumatic
rolary actustors,

48




Hydraulic motor assemblies, with or without speed-control features, are used extensively in
aircraft systems and offer potential for use in rocket engine and spacecraft hyéfauh{: control
systems in which motor fluid can be recovered and recirculated. As discussed in reference
98, pneumatic motors have high gas consumption rates, compared with piston actuators,
and offer little potential for use in space-flight stored-gas systems. The primary advantages
of all-metal pneumatic motors are tolerance for environmental extremes and operational
capability with hot gases.

2.1.6.2 ELECTRIC-MOTOR ACTUATORS ‘

Electric motors are used in rocketf engine control systems pnnmpaily as valve actuators and
as drivers for hydraulic pumps. Electric motors are protected against’ exposure to
environmental conditions by isolating the motor assemblies in sealeé enciostéres With iip
seals as output shaft dynamic seals.

Motor assemblies used as valve actuators incorporate speed-reducing gears; tachometers:
position-limiting mechanical stops; and position-indicating switches, transducers, or
potentiometers in a common sealed enclosure. Units are purged and prefilled with dry inert
gas or are cooled by a recirculating dry inert gas so that a passive internal environment is
obtained. On-off position control usually is obtained with conventional direct-current
motors, whereas modulating position control usually is obtained with two-phase
alternating-current motors, direct-current torque motors, or direct-current stepping motors.
A variety of special motor designs is available for compliance with power supply, speed,
torque, and special servosystem requirements. References 5 and 101 through 105 review-
electric motor designs and characteristics for control system applications. References 10 and
11 describe hydraulic-pump drive motors used in the Saturn II and Saturn S-IVB vehicles.

The intermittent and short-duration duty schedules for space-flight valve actuators and their
low power requirements permit the use of dry-film lubricants for motor shaft bearings and
for gears. Pump drive motors designed for many hours of operation at significant power
levels (4.5 hp (3.36 kW) for Saturn) require the use of grease-packed bearings.

Thorough analysis of system requirements and motor loading under transient as well as
steady-state conditions is the basis for defining the specific motor operational characteristics
that will provide adequate margin for reliable operation. Thorough analysis of heat-energy
inputs resulting from motor inefficiency and heat transfer to or from the environment and
the motor attachments is required in maintaining motor temperature distributions within
allowable limits. Acceleration and vibration inputs introduce structural and operational
problems associated with cyclic relative motion at shaft bearings, gear-teeth contact
surfaces, instrumentation contacts, and commutator brush contacts.

The discussions in section 2.1.4 on solenoid and terqae-motoz actuators are generaliy
applicable to electric motors, allowing for differences in configuration.

49




2.1.8.2.17 Bedundont-Eiectric-Motor Actusators

Rotary-electric-motor actustor assemblivs with serew-jack Hnear output motlion have been
used as rocket engine valve positioners. Twe or more motor rotors coupled to a common
juckscrew provide for motor and motor-circuit redundancy.

The actustor for the LMDE throttle valve is controlled by three electronic channels that
power three direct-current puncake motors mounted on 3 comman shaft. The motoer shaft
powers a ballscrew rotary-to-dincar-motion transmission assembly. Five potentiometers are
geared to the motor shaft. Three of these potentiometers provide positinn-feedback
information 1o the three motor electronic channels, one for each channel: the other two
potentiometers  provide  actuator-position  information for telemetry. This actuator
configuration permits circuit design so that actustor performance will remain within
specified limits in the event of o failure of any electrical system element.

Motars are desioned to permit assembly prior to removal of maenetic keepers, and
nonmagnetic housings are used to preserve permanent-magnet field strength. Spacing
between motors is sufficient to prevent the magnets of one motor from affecting
performance of an adiscent motor. Qutputshaft displucement is Hmited by nonjrmming
moechanical stops.

Redundunt-clectric-motor actuators are revivwed in detadl in references 106 through 108,

2.1.7 Advanced Concepts

There are currently available advanced-state-of-the-art actuators with potential applications
in space-flight control systems. These advanced concepts include nutating actuators, digital
actuators, and fluidiclogic actuators,

Nutating actuators. - Pocumatic actuators that convert the motion of a nutating disk into a
rotury ouiput motion have heen developed a3 albmetal reverdble-direction-ofrotation
motors for high-temperature and nuclear-radiation environments. Primary problems with
this design have been high leakape and serubbing of the nutating disk against stationary parts
{ref 109y

Digital actuators. — Digital actuators are positioning devices that respond to input sienal

pulwes or steps in producing discrete changes in controlled displacement. The electric
stepping motor. with multiple windings that are encrgized sequentially for discrete
increments in clockwise or counterclockwise rotation, is the mast highly developed actuator
of the digital category. Design concepts have been developed in which a stepping moter is
used in an operator for a hydraulic or pneumatic actuator, thereby adepting a
high-force-level analog actuator for operation with digital input signals. Multiple-piston,




hydraulic, linear-displacement actuation devices have been designed to control output shaft
position incrementally in response to the app}zcatien or removal of seqa;enced input pressure
signals {refs. 110 through 115). :

Fluidic-Logic actuators. — Actuators in fluidic-logic systems are conventional hydraulicand
pneumatic actuators with fluidic-logic-element Oi}eraters References 116 through 125
provide a survey of the published literature.

2.2 OPERATOR CONFIGURATIONS .

Operators are classified as on-off operators for two-position control or as modulating
operators for variable-position control. Operators reviewed in this monograph are pilot
valves, servovalves, pressure dividers, and advanced-concept operators such as stepping
motors and fluidic-logic devices. Switches used as actuator position indicators that also may
be used in operator circuits are reviewed in section 2.5. Actuator and electrical-operator
assemblies have been designed with the operator driving circuitry included in the assembly.
The design of driving circuits, however, is beyond the scope of this monograph. Operator
valve design information in this menograph supplements more detailed information in
references 126 and 127,

2.2.1 Pilot Valves

A pilot valve is defined as an on-off operator that responds to a signal input for
two-position, open-loop control of actuator fluid flow or fluid pressure. The most common
types of pilot valves are solenoid valves, pressure-actuated valves, and position-actuated
valves in two-way, three-way, and four-way configurations. Pilot valves provide for on-off
control of large hydraulic or pneumatic actuation forces in response to relatively low power
signals. They are used where full-stroke actuation and deactuation is required, as in the case
of pilot-operated hydraulically or pneumatically actuated shutoff valves. Primary areas of
concern in the design of a pilot valve are effective flow area, positive actuation, satisfactory
response to pressure transients, control -of stagnant-fluid temperature, and control of
contamination.

2.2.1.1 EFFECTIVE FLOW AREA

The effective area for actuation-fluid flow through a pilot valve usually is sized to preclude
excessive pressure drop through the pilot valve and ifs porting under the flow conditions
required for actuator displacement transients. Control of on-off actuator response timing is
obtained most easily when the primary flow resistance in a valve-and-actuator circuit is
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concentrated at a timing-control orifice. The orifice can then be used to compensate for
differences in system flow resistance that occur in different assemblies of nominally
identical systems. As discussed in osection 2.1.1.2.1, an expensive, time-consuming.
cut-ind-try orifice-replacement approach to obtaining the required response timing for an
actuator can be eliminated by the use of precision orifices. The cut-and-try approach cannot
be avoided. however, if fabrication and assembly tolerances for pilot valves and plumbing
introduce wide variations in system flow resistances among different assemblies. References
128 through 133 review procedures and data for sizing pilot valves.

2.2.1.2 POSITIVE ACTUATION

Erratic operation and dynamic instability of pressure-actuated pilot valves have resulted
from fluid-flow dynamic forces acting on the valves during actuation or deactuation
transients. Similar problems have occurred when the sensed pressure is also the source for
valve flow and when signal-pressure drops accompanying flow result in interaction between
the sensed pressure and valve actuation. Section 2.1.5 illustrates and discusses snap-action
actuators that ensure positive full-stroke actuation of pilot valves once actuation has been
initiated by a sensed signal pressure. References 3 and 17, and published documents cited
therein, present design-analysis procedures for predicting fluid-flow dynamic forces that
may contribute to valve chatter or dynamic instability, and describe design techniques for
minimizing or eliminating such forces.

2.2.1.3 RESPONSE TO PRESSURE TRANSIENTS

Pressure-actuated pilot valves have failed to perform within actuation-pressure limits when
time fags in pressure sensing resulted in the valve responding both to rate of change in sensed
pressure and to the fevel of sensed pressure. Thus, a pilot valve that had been set to actuate
within a specified pressure range when sensed pressure was changed gradually during test has
actuated at 2 significantly different sensed-pressure level in operation when the sensed
pressure changed rapidly. Ideally, there should be no time lag in the response of pilotvalve
motive forces to sensed-pressure tnmsients, In many pilotvalve applications, however,
fluid-compressibility  effects and  the  presence of  flow  restrictions  between  the
sensed-pressure Tocation and the actuation pressure within a pilotwvalve assembly introduce
response time lags and consequent sensitivity to rate of change in sensed pressure. In the
case of a pilot valve situated remotely from the sensed-pressure location, time lags in
signal-pressure transmission can result in transient differences between sensed pressure and
valve actuator pressure. In hydraulic systems, fluid-compressibility effects resulting from
entrapped gases can introduce time lags in pressure response and problems in response to
rate of change in sensed pressure similar to those encountered in pneumatic systems.

Figure 15 shows two designs for porting arrangements that provide a pilot valve with the
desired transient response. Figure 1561 illustrates a pneumatic pilot valve configuration in
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Figure 15, - Schematics of pilot valves with porting arranged to provide desired transient response.

which primary and secondary actuation pressures PA and PB act against a diaphragm in the
direction of valve actuation and also against the valve cross section to oppose actuation. The
spring-cavity volume and the restriction of the flow passage for that volume result in
significant lag in the dynamic response of pressure PB to transients in pressure PA. If the
‘actuation pressure setting is adjusted with PA changing gradually, and with PB nearly equal
to PA, the valve will actuate at a significantly lower applied pressure when PA is changing
rapidly and the transient in PB is lagging the transient in PA. The sensitivity to rate of
change in PA can be reduced by minimizing the volume associated with PB and by enlarging
the flow passage for that volume.

In figure 15(b), the volume and the flow restriction associated with primary actuation
pressure PA are designed to have the same time constant as the volume and flow restriction
associated with secondary actuation pressure PB. As a result, pressures PA and PB have
identical transient response to externally applied pressure Pgg;. The extent to which
pressures PA and PB both lag fast transients in the externally applied pressure, and the
consequent sensitivity to rate of change in applied pressure, is a function of the size of the
pressurized volumes and flow passages.

2.2.1.4 STAGNANT-FLUID TEMPERATURE

Stagnant fluids in flow passages of tight-shutoff pilot valves or in pressure-sensing cavities of
pressure-actuated pilot valves are susceptible to thermal-environment effects. Variations in
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liquid viscosity or in gas temperature, related to variations in localized environmental
temperatures, can affect actoation system response. Freezing of Higuids in low-temperature
environments can result in response failures. Elevated environmental temperatures and heat
soakbuck during or subsequent to an engine firing can result in liquid vaporization and in
overheating of nonflowing pilot valves. Solutions to these problems have included relocation
of valves, the use of thermal insulation, and the design of flow paths for heat energy with
thermal barriers to minimize heat transfer. In hydroulic systems, pilot valves have been
designed for controlled leakage or for a small continuous circulation flow in order to control
temperature. Pilotvalve designs frequently are incorporated in the design of actuator
assemblics or other components that can provide shiclding or temperature control for
stagnant pilotavalve fluids.

-

2.2.1.5 CONTAMINATION

Pilotvialve  assemblies  frequently  include  filter  elements  for  protection  against
contamination damage that can affect actuation or valve leakage. The use of filters usually is
limited to valve ports for inflow from the fluid supply source and from actuators. Filters in
a valve assembly protect against contaminants inadvertently introduced during handling.
installation. and servicing as well as contaminants in the operating fluid. Ports with
undirectional outflow usually are not provided with a filter, because filters for all ports
prevent outflow of contaminants, and contaminants in a valve, including particles that
migrate from the filter elements, remain trapped in the valve. Filtration and filter problems
are discussed in further detail in section 2,1.1.2.3.

2.2.2 Servovalves

A servovalve is defined as a modulating operator that amplifics system signals for
variable-displacement. closed-loop control of actuator position. The various servovalve
configurations arc illustrated and discussed in handbooks such as reference 3. Reference 17
and references 21 through 32 present a comprehensive review of the state of the art in
servovalve desion technology.

2.22.1 FLOWGAIN

The flow gain of 4 servovalve is defined as the change in valve flowrate that accompanies a
change in servovalve displacement. Flow gain of a servovalve assembly also can be defined as
the change in valve flowrate that accompanies a change in valve input signal. This definition
is particularly useful for characterizing torque-motor valve assemblies and pressurc-actuated
vilve assembhlies




Obtaining the optimum flow gain by pmper}y relating actuator velocity to servovalve input
signals is a frequent problem in the design of new closed-loop actuation systems. When the
flow gain is too low, actuation-system response is too slow. When the flow gain is too high,
an actuator may be overly responsive to system noise, and the actuation system may be
oscillatory or dynamically unstable. The solution to this problem frequently requires a
servovalve designed for a nonlinear flow gain, with a low flow gain for small displacements
from the valve neutral position and a high flow gain for large displacements. This design
minimizes actuator response to system noise and provides for closed-loop dynamic stability
under steady-state operating conditions with the servovalve near its neutral position. It
provides also for fast response under transient conditions with the servovalve displaced from
neutral.

2.2.2.2 PRESSURE GAIN

The pressure gain of a servovalve is defined as the change in actuator pressure, or differential
pressure, that accompanies a change in servovalve displacement. The pressure gain of a
servovalve at or near its neutral position can be used to relate changes in actuator force to
small servovalve input signals. If the pressure gain is too low, significant actuator
steady-state position errors will result from actuator load changes. The pressure gain must be
sufficiently high to maintain the required positioning accuracy and system stiffness in the
presence of applied load changes under all test, checkout, and operating conditions.
Obtaining a sufficiently high pressure gain with the servovalve at or near its neutral position
may be in conflict with a requirement for a low flow gain near neutral. Both flow gain and
pressure gain must be considered in the design of a servovalve, an actuator, and a closed-loop
system. Reference 17, and documents referenced therein, provide extensive coverage of this
topic, including the contouring of valves and ports in shaping the flow-gain and pressure-gain
characteristics. :

2.2.2.3 FLUID-FLOW DYNAMIC FORCES

In a servovalve, especially in an hydraulic spool valve, fluid-flow dynamic forces may result
in valve chatter, erratic operation, or dynamic instability. These problems are accentuated in
pressure-actuated servovalves with the potential for interaction between sensed pressures,
valve displacement, and valve flow. Occasionally, available driving forces are inadequate to
overcome fluid-flow reaction forces that are additive to valve static forces. This condition
usually occurs in a design based on inadequate analysis of the flow dynamics and reaction
forces involved, or in a configuration in which dynamic effects are not predictable with
sufficient accuracy. Most of the problems involving fluid-flow reaction forces are overcome
by designing the servovalve so that the reaction forces contribute dynamic damping and
oppose any tendency toward valve oscillation (refs. 17 and 21 through 32). Also, the
servovalves can be designed with lateral self-centering features to minimize side forces that
contribute to valve friction.

55




2.2.2.4 SPOOL-SLEEVE MATERIALS AND FINISHES

Lincar-displacement three-way and four-way spool valves frequently arce used as servovalves
or as pilot valves. To ensure precise control of spool valve diametral clearances in guide
bores and precise control of relative locations of spool and guide metering edges. spool
valves are mateh fitted to guide sleeves, and finished valves and sleeves are maintained as
matched sets for installution in assembly housings. The most commonly used material for
spool valves and sleeves is 4400 CRES, heat treated for full hardness prior to finishing. The
strength. hardness, and dimensional stability of this material, in its fully hardened condition,
are ideal for obtaining the sharp metering edges and smooth finishes required for servovalve
applications and for obtaining high resistance to damage by fluid contaminants throughout
wide temperature ranges. Although attainment of dimensional stability in 4400 requires an
accelerated aging process for removal of residual stresses caused by heat treatment and
finishing operations, the one problem with this material in spoolsleeve applications is its
susceptibility to corrosion in service or in storage if all surfaces are not smoothly finished.
Corrosion has not been a problem when parts are finished smoothly without machining
scratches and are protected from undue exposure to moisture or corrosive fluids during

processing Of storage.

2.2.25 SPOOL-SLEEVE CLEARANCES

The diametral clearance between a precision spool valve and its guide sleeve usually is
specified in the range of 0.0002 to 0.0004 in. (5.08 to 10.2 pm). As a peneral practice. the
sleeve is fabricated with a slightly undersized inside diameter, and the spool is fabricated
with a slightly oversized outside diameter. The sleeve inside diameter is then finished by
honing to obtain a spool guide surface that is a true ceylinder with 0.00005 in. (1.27 gm).
The spool is finished by lapping to match the sleeve diameter, and the spool and sleeve
thereafter are maintained as a matched set. Because accurate verification of the specified
clearance throughout the spool-sleeve axial length is difficult to obtain by dimensional
inspection, flow tests are performed in which measurements of flow gain, pressure gain, and
null feakage verify dimensional accuracy. Measurements of force inputs and hysteresis under
flowing and nonflowing conditions provide additional verification data on friction or
hinding.

Diametral clearances in the vicinity of 0.0002 to 0.0004 in. (5.08 to 10.2 gm) are practical
minima in the present state of the art: they provide maximum wiping action that prevents
contaminants from lodging in the clearance. minimizes silting effects on operation. and
minimizes keakape,

Lareer diametral clearances frequently are specified for applications in which leakage or
control of spoolyalve functional characteristics is not critical. Larger clearances and
dimensional  tolerances  simplify  fabrication  procedures,  reduce  costs, and  Jessen
dimensional-stability effects and distortion effects on clearances, at the expense of greater



leakage and greater sensitivity to contamination. Excessive friction and binding in
close-fitting spool valves has resulted from dimensional instability or distortion of mating
parts.- Distortion usually results from lack of symmetry in the housing surrounding the

" sleeve, housing deformation, excessive static-seal compression forces applied to the sleeve

outer surfaces, lack of rigidity in the sleeve when exposed to applied pressures, and thermal

-gradients, : , Co

Attempts to relate filtration requirements to spool-valve clearances, available valve-driving
forces, system contamination levels, and contaminant size distributions on a statistical basis

‘have been notably unsuccessful. Filters as a source ‘of contamination are discussed in section
2 2.1.1.2.3. Over-emphasis on size and weight has resuited in the use of filters with

insufficient surface area and with consequent inadequate contaminant-retention capacity

. and inadequate moisture tolerance. The use of undersized filter elements in situations with
‘pressure-drop limitations has resulted in selection of coarse filtration when fine filtration

was required. Establishing requirements for filter-element surface area and fineness of
filtration is an empirical process influenced strongly by experience and judgment.
2.2.2.6 RELIABILITY

Statistically, the most unreliable components in modulating actuation systems are the
feedback transducer and the torque-motor-actuated servovalve assembly. Traditionaily,

- torque-motor-actuated servovalves have been designed for small size and weight, low
- electrical input power, minimum leakage, and maximum frequency response. Unnecessarily
" restrictive specification of these parameters results in reliability compromises involving

contamination sensitivity -and low operating forces and force margins. Significant

~improvements in reliability have been obtained by development of operator assemblies with

mechanical feedback and redundant torque-motor-actuated servovalves.

- Eliminating the feedback transducer eliminates its wiring; solder joints, and electrical
‘.connections as well as the power supplies, feedback amplifiers, and summing networks.
--Servovalve assemblies designed for mechanical position feedback can provide the fail-safe
- feature of actuator centering or displacement to a preferred extreme position in the event of

an electrical failure. The principal disadvantages of mechanical feedback, compared with
electrical feedback, are reductions in actuation-system linearity, threshold, resolution, and
flexibility for shaping system-gain. With mechanical feedback, improved linearity and

‘{olerance control is required in the servoamplifier; amplifier drift, torque-motor hysteresis,
- and null shift result in significant actuator positioning errors, and calibration of actuator

position versus amplifier input signal must be reestablished for each system checkout. As the
servovalve and actuator are an integrated assembly, gain changes require redesign, and

- servicing is more complex. The use of mechanical feedback has been limited to actuation
.systems requiring. slow response and only fair positioning accuracy. The S-IC gimbal
- actuation system has a‘required frequency response flat to 1 Hz with an allowable phase lag

of 25° at 1 Hz. Mechanical feedback servoactuators satisfy those requirements.



References 9 throueh 11 and 134 throuegh 137 review the present state of the art relutive 1o
the emphais on reliability in space-flight modulating actuation systems and  discuss
mechanical feedback and redundancy concepts for torque-motor-actuated servovalves,

2.2.3 Pressure Dividers

The term “pressure divider”™ frequently is applied to a pneumatic or hydraulic circuit in
which an intermediate pressure hetween two flow restrictors in series i used a8 a control
signal. One type of pressure divider has two fixed orifices in series, and the fluid flows from
a source pressure through the orifices to a receiver pressure. This type has been used for
generating a signal pressore that is a function of the source pressure (see. 2.5.2.4). Most
pressure dividers in service, however, consist of one fixed flow restrictor and one variable
flow restrictor in series. so that the signal pressure I8 @ function of the source pressure, the
receiver pressure, and some system parameter that controls the variable flow restrictor. The
variable flow restrictor is frequently a pilot valve or a servovalve. In many applications, the
varinhie flow restrictor s a needle valve or 3 vane attached to an actuator for generating a
control signal pressure as a function of actuator position. Protection against contamination
of & flow restrictor is discussed in section 2.1.1.2.3,

2.2.3.1 TEMPERATURE-EFFECT COMPENSATION

Temperature-related transient and steady-state calibration shifts are 3 common occurrence
in pneumatic pressure dividers. These shifts are gecentuated whoen pas temperature 15 3
variahle  and  when  gas femperature is sipnificantly  different from environmental
temperature. Calibration shifts result from differential expansions or contractions that
affect the ratio of inlet-restrictor flow area to outlet-restrictor flow area. from temperature
effects on restrictor flow coefficients, and from heat trunsfer between flowing gas and
surrounding parts. In most cases, heat transfer ix the predominant factor.

Fipure 16 #Hlustrates g prototype pressure divider that was fested to illusinate the
effectiveness of counterflow passages in minimizing temperature-related calibration shifts
{ref. 1383 The desien has not been used in rocket vehicles, but ramjet engines have utilized
the principles developed. Gas at inlet pressure traverses the length of the divider through an
outer fackel, reverses direction, and flows through an inner jacket and through porisin the
wall supporting the inlet Bow restrictor. The direction of flow then reverses apain for flow
throueh the inlet flow restrictor, the divided-pressure cavity, and the outlet flow restrictor
ta exhaust. The jacketed divided-pressure cavity is isolated from the environment by the
counterflow passages.

In thic triple-pass pressure divider, there is significant heat transfer between the inflowing
pas and the walls of the outermost flow passage. There are, however, smaller temperature
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Figure 16. - Schematic of pneumatic pressure divider with temperature-
effect compensation (ref, 138l

differences for heat transfer between the gas in the reverse-flow passage and its walls, and

_there are still smaller temperature differences for heat transfer between the gas in the
divided-pressure cavity and its walls. Because heat transfer is a function of temperature
differences and not of temperature level, the pressure divider of figure 16 minimizes
heat-transfer effects on calibration over a wide temperature range. Heat-transfer effects
under temperature transient conditions are minimized by the use of thin walls and minimum
metal masses to minimize time lags in establishing equilibrium conditions. In tests of the
figure 16 prototype with gas inlet temperatures ranging from 65° to 635°F (292 to 608 K),
the maximum steady-state shift in the ratio of divided pressure to inlet pressure was 0.2
percent, with a room-temperature environment and with no flow demand on divided
pressure. The maximum transient shift obtained was 0.8 percent. ‘

2.2.3.2 FLOW-RESTRICTOR CONFIGURATION
Calibration shifts that resulted from variations in restrictor flow coefficients reia’ted to

variations in gas flowrates, pressures, and temperatures have been observed in pneumatic
pressure dividers. Because the ratio of divided pressure to inlet pressure is a function of the
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ratio of the effective flow arcas of the inlet and outlet flow restrictors, variations in flow
coefficients are as significant as variations in physical flow arcas. Flow restrictors with
rounded entries are subject to flow-coefficient variations related to pressure-Jevel effects on
the thickness of boundary lavers at the restrictor throat. All pneumatic flow restrictors
experience flow-coefficient variations as functions of pressure ratios and Revnolds number.
A flow restrictor with a sharp-edged throat experiences the least variation in flow
coefficient. because compressible boundary layers do not form upstream from the throat,
With increasing flowrates and corresponding increasing Reynolds numbers. flow coefficients
approach constants. Tests of the pressure-divider configuration shown in figure 17 (ref. 139)
demonstrate negligible pressure-level effects over a wide flow range. The use of conical
restrictors extends the range for restrictor sonic flow and thereby extends the range through
which pressure ratios have no effect on calibration.
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fiyure 17 - Schematic of prisyraly pretsure dooder,

2.2.4 Advanced Concepts

Stepping-Motor operators. -~ The use of stepping motors as actuation clements in operators
for hydraulic and pneumatic actuators is covered briefly in section 2.1.7. In addition, the
discussion in section 2.1.4 on electromagnetic actuators is generally applicable to stepping
motors psed as operators,

Fluidic-Logic operators. - The bulk of the design and development effort related 1o
fluidic-logic  circuits and  hardware for space-flight applications to date has been
experimental. References 116 through 125 provide a brief survey of the published literature
on this topic.
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2.3 SEALS FOR ACTUATORS AND OPERATORS

“The state of the art-in ‘the design and application of sealing devices and sealing techniques is
reported ‘ éxtensively “in the technical literature (refs.” 3 and 140 through 147). This
‘ menegrapﬁ ‘therefore, is concerned only“with specific problems and problem selutions‘ in
: {he deszgn Of se&is for actuators and operators used in space—ﬂzght systems. ’

i

23.1 Génerai CgésiderationS‘

2.3.1.1 COMPATIBILITY WITH FLUIDS

Material chemical compatibility has been a problem in bipropellant systems when a seal that
was compatible with the propellant to which its exposure was intended was not compatible
with the other propellant. Cross-compatibility problems in bipropellant systems usually have
been associated with leakage of propellant isolation devices or with reverse-flow fransients.
These problems also have occurred when bipropellant system components that were similar
or identical except for the seal materials were assembled incorrectly, and the seals were
exposed to the wrong fluids. - ‘

Inadequate control of procedures for fabrication, handling, installation, and servicing
frequently has resulted in seal compatibility problems. For example, although Kel-F is
compatible with oxygen and hydrogen and is used in many seal applications, it is subject fo
cracking at stress levels of about one-fifth its yield strength when exposed to commonly
used halogenated cleaning and flushing solvents. Improper use of lubricants for seal
installation has resulted in compatibility problems during subsequent exposure to operating
fluids or solvents.

Components designed for service with hazardous fluids frequently are tested with less
hazardous fluids. The use of volatile solvents as test fluids avoids component contamination
during testing, but requires that the seal material be compatible with the test fluids.

2 3.1.2¢ LEAE{AGE MEASUREMENT
. S " ‘

Amoag the mest common problems assoczated with the use of seals are the failure to: detect
deficient seals and the rejection of adequate seals as a resulf of inaccurate or nonrepeatable
- leakage measurements. Frequently, these problems result from failure to design for
convenient .and sufficiently accurate leakage testing. Very small leakage flowrates through
seals in pneumatic actuators cannot be measured accurately when testing requires
measurement of leakage from a pressurized cavity into a relatively large reservoir cavity. The
length of time required for a small leakage to increase the reservoir pressure sufficiently for

61




a flow measurement permits the effects of temperature changes during a test to confuse the
measurements. Assembly designs frequently require measurement of the combined leakage
of more than one scal into a common cavity with no provision for separating the
measurement of Jeakages through critical and noncritical seals. Poor control of test
equipment and procedures results in inconsistent test results when tests are performed in
different munufucturing, test, and lsboratory jocations. Problems arise when the same
feakape Hmits are specified for all tests, An assembly that barely passes an acceptance test at
the component level may fail fo pas< an engine-system leakage fosf, when the same limits are
specified, as a result of differences in test conditions or equipment.

2.3.1.3 SEEPAGE AT LOW DIFFERENTIAL PRESSURE

Hydravlic seepage has occurred when seals that were designed to be loaded by large
differential pressures were loaded by small differential pressures under system standby or
pressurized-storage conditions. This type of fuilure often can be attributed to seals that were
installed with insufficient compression or that lost part of the installed compression as a
result of vielding Careful attention to dimensional tolerances affecting scal compression and
to seal Joading under static head as well as operational conditions is required.

2.3.1.4 INADVERTENT CONTACT SEALING

Variantions and discrepancices in breakaway-response timing of piston actuators have occurred
when a piston mechanical stop in an actuator inadvertently acted as g seal or semiseal As
fitustrated in fipure 18, when the piston is in the position shown, the applied pressure
cannot actuate the piston until sufficient fluid has leaked through the mechanical-stop
contact surfuce fo raise the oyviinder pressure {o the level required for breakaway against
opposing forces. A similar response problem may exist in the opposite direction when the
piston has heen fully actuated. In the actuated condition, the inside dismeter of the piston
in contact with the housing may constitufe 2 seal that retards pressurization of the piston
arca between the inside and outside diameters. Because of fluid-compressibility effects,
variations and discrepancies in breakawayv-response timing are more pronounced when gasis
the actuation fluid or when an hydraulic actuator is not primed. This kind of problem is
avoided when the piston stops are desiened to ensure free flow of actuation fluid to the
entire effective ares of the piston.

2.3.2 Dynamic Seals
2.3.2.1 SEAL CONTACT SURFACES

Dynamic seals exhibit a tendency to fuse to eoviinder wally during long-term perinds of
inactivity. This problem usually occurs when seal lubricants have been removed by flushing
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or when an operating liquid has dried. A significant increase in actuator breakaway force
may be required for the first subsequent actuation, and seal damage may impair sealing
capabilities. If a contact surface is too rough, a pliable seal that conforms to surface
irregularities may experience excessive adhesion, breakout resistance, sliding friction, and
seal abrasion. Similar problems have occurred when surface finishes were too smooth to
support lubrication films. Surface finishes of parts in contact with dynamic seals usually are
specified to be consistent with requirements that have been established for the specific seal
material and seal configuration to be used. Seal lubrication procedures sometimes are
specified for use in preparing components for storage or other periods of inactivity.

System contamination has resulted from solid-particle breakout from dynamic seals.
Elastomeric seals usually are more pliable than plastic seals, and thus have a greater
tendency to conform to surface irregularities, to adhere to contact surfaces, and to act as
contaminant generators. The sensitivity of pliable dynamic seals to damage resulting from
contact with system contaminants is generally recognized, but the potential for component
or system contamination by particles from dynamic seals frequently is overlooked. Success
in preventing or avoiding seal-particle contamination requires specific emphasis on the
design of the seal and the seal contact surfaces and on the choice of seal material.

Seal damage or excessive wear has résulted from inadequate specification or from

misinterpretation of drawing notes identifying sealing surfaces. The American Standards
Association (ASA) specification for surface roughness (ref. 148) permits surface flaws unless

63



a surface-finish symbol is accompanied by g drawing note defining lmits for surface
imperfections. When pistons or piston rods couafed with hard materinls are in contact with
dynamic seals, the surface porosity in materials such a5 the oxides and carbides often resulis
in rapid degradation of the seals. The use of inherently porous or abrasive materials at seal
contact surfuces usundly is avoided, g practice that sometimes results in the use of bellows or
diaphrapm dynamic scals with no sliding confact,

2.3.2.2 LIP SEALS FOR CRYOGENICS

Plastic lip seals as Hlustrated in fipure 19 remain plinble and provide adequate sealing in
pneumatic actuators that operate at crvogenic temperatures. Mylar, Kel-FLand Teflon have
been used successfully as lip seal materials. Mylar is the preferred material for the
confipuration of fizgure 19 becanse i has rond room-temperature forming characteristics and
excellent low-temperature flexibility,

View A in figure 19 depicts a dynamic seal for a double-acting piston that albo isused asa
static seal for the interface between the actuator end cap and housing, The metal washer
that separates the sobs of seals in view A has g single serration on each face for focalized
compression of the flat portion of the Mylar in obtaining a static seal. Each seal element
consists of 4 double kiver, one lover in contact with the piston for seating and one hackup
faver to load the sealing laver and 1o provide deformation resistance when pressurized. The
seal is deliened to withstand system proof pressure applicd fo either side of the actuator
piston. Optimum seal material thicknesses and dimensions for the seal and its retaining
details are established by development testing to obtuin or verify scaling capabilitics and
resistance 1o deformation throughout the full runge of applicd pressures,

View B in fipure 19 iltustrates the piston-rod seal. Although dynamic sealing is required in
one direction only. a dual element is used. with one clement acting as a wiper to protect the
active element from exposure to potential contamination from the piston rod hinkage cavity.
The metal washer between the active element and the wiper element has single serrations for
compression of the static portion of cach seal element. This seal confighiration has been used
successfully at nominal operating pressures of 400 and 500 psi(2.76 and 3.45 MN'm?).

For high-differentinl-pressure applications, when the lip seal design illustrated in figure 19
docs not have sufficien? strenpth and rigidity to resist damaze or deformation, the design
concepts illustrated in figure 20 have been used. In the design in figure 200, a Teflon
backup ring supports the seal. At room temperature, the diametral clearance between the
backup ring and the shaft is the minimum clearance required to avoid interference as a result
of dimensional tolerances. Tests indicate an operational-pressure upper limit of 1500 psi
(10.3 MN/m?) for successful use of this seal configuration,

A program to develop lip seals for pistons and shafts in support of M-1 engine actuator and
valve desien demonstrated the need for relatively heavy cross sections with backup
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supporting elements for successful operation in high-pressure systems. Kel-F oseals of the
configuration illustrated in figure 20b) performed successfully under ervogenic conditions
at differential pressures of 2000 psi (13,8 MN/m?) (ref. 149),

2.3.2.3 WIPER SEALS

Plasticv  and  elastomeric dyvnamic seals are vulnerable to damagse by solid-particle
contaminants. Dynamic seals on piston rods exposed to an actuator external environment or
1o cavitics containing contaminant-generating mechanical linkages or other transmission
clements are particularhy volnerable, Contaminants generated by mechanical springs have
resulted in numerous dynamicseal failures, Degradation of piston seals in hydraulic
actuators may be tolerable when seal feakaee is additive to through-piston circulation flow
for priming. In pneumatic actuators, however, and in single-aeting hydraulic piston actuators
with no circulation flow, piston=seal damage has resulted in response-timing failures as well
as feakage-limit failures, Visible external keakage throuph piston-red seals has resulted in
rejection of actuntors in which the leakape was insafficient to impair performuncee.

When exposure fo contuminants s anticipsted, wiper sealk frequently are used to protect
critical dynamic scabs, a8 Hlustrated in view B of fipure 19 The only function of the wiper
seal is fo scrub contaminunts from piston or rod surfuces that contact dynamic seals
Contamination damare of a wiper seal is acceptable a< long ag protection of the dynamic
scal i maimtained. The primary problem with wiper seals Is maintaining their protective
capahility when particles break out from edees exposed to contuminints, The wiper seal in
view B of figure 19 ha< an appreciable axial keneth of contact surface with the piston, and
particles that break out from the keading edee cannet reodily pass through the contaet
surface and migrate to the dvnamic seal
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2.3.3 Static Seals

2.3.3.1 SEAL COMPRESSION FORCES

Static-seal configurations that require relatively large compressive forces for proper
installation {e.g., metal O-rings with or without coatings, and metal gaskefs requiring
indentation by serrations) are prone to leakage through distorted contact surfaces.
Static-seal leakage has resulted from displacement of seal contact surfaces or from loss of
seal compressive force under pressure loads or impact loads when seal retaining surfaces had
not been fully seated during installation. Seals requiring large compressive forces perform
satisfactorily when fastener forces are sufficiently high, retaining parts are designed for
rigidity, and assembly processes are controlied to ensure adequate and uniform seal load
distribution. ‘

2.3.3.2 SEAL CONTACT SURFACES

Static-seal leakage as a result of flaws in seal surfaces or in seal-contacting surfaces is a
common occurrence. Because the ASA specification for surface roughness (ref. 148) permits
surface flaws that can damage seals, production drawings frequently identify sealing
surfaces, and surface-finish symbols are accompanied by drawing notes that limit surface
imperfections. Drawings often refer to machining specifications in which fabrication and
inspection requirements for sealing surfaces supplement the ASA surface-roughness
specification. : :

2.3.4 Seal Welds

2.3.4.1 PROVISIONS FOR PRELIMINARY TESTING

Seal welding of actuator and operator joint seams and of plumbing connections is common
practice for minimizing the potential for external leakage; a seal weld is intended only for
sealing a seam or joint, not for supplying structural strength. Some seal-welded assemblies
such as pressure-actuated devices that must operate at preset pressure levels require internal
adjustments during preliminary testing, and designs must provide for tests and partial
disassembly for adjustment prior to welding. Well-designed seal-welded assemblies provide
for temporary plumbing connections and temporary static seals for convenient preliminary
screening tests prior to welding and component formal acceptance testing.

2.3.4.2 PROVISIONS FOR DISASSEMBLY AND REASSEMBLY

Major parts have been damaged when removal of seal welds was required for servicing or
overhaul of assemblies. Such damage usually results from deep weld penetration that
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requires removal of an excessive amount of adjoining material or from failure to design
assembly joints in a manner that permits seal-weld removal and rewelding a reasonable
number of times. Actuators and operators usually are designed so that structural toads will
not he imparted to scalwelded joint seams, and minimum weld penetration is required for
fluid pressure sealing. Joints usually are designed to accommodate weld-seam removal by
machining and to provide sufficient material for multiple weld-removal and reweld
operations, :

2.4 MECHANICAL TRANSMISSION

The technical lterature provides extensive llustration and discussion of the state of the art
related to mechanical transmission of actuator forces and displacements. Discussion in this
monograph. therefore, is fimited to a review of specific problems and solutions that are
critical in the desipn of mechanical transmissions for space-flight hardware.

2.4.1 Common Problems

2.4.1.1 MOISTURE IN VENTED CAVITIES

In many actuator assemblies, the power fransmission clements are situated in cavities that
are vented to the external environment. For space-flight service, these cavities usually are
protected by low-cracking-pressure relief valves against entry of moisture from the
environment: these valves, frequently referred to as vent port relief valves or as vent port
check valves, permit outflow from the cavities and seal against inflow and moisture
migration. Vented cavities often serve as receivers for pneumatic-fluid leakuage or operator
discharge flow, and vent port relief valves are sized to accommodate gascous outflow with
very little increase in cavity pressure. Occasionally, moisture has migrated from the
environment into vent cavities when partial vacoums accompunied hardware chilldown or
when vent-cavity gases were displaced during an actuation eycle. Vent port relief valves have
failed to relieve vent-cavity pressure when frozen external moisture impeded valve opening.
Frozen moisture in vent cavitics containing transmission elements has been suspected as a
cause of erratic actuator operation. Instrumentation elements (e.g.. actuator position
indicators and electrical connectors) exposed to vent cavities are especially sensitive to
moisture damage.

Design features that eliminate or minimize problems with these valves are presented in
reference 15340
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.2.4.1.2 FASTENER RETENTION

~ One of the most common failure modes encountered in the mechanical transmission of
_ actuator power is loosening or disengagement of fasteners. Fastener failures have occurred
when excessive impact forces distorted fasteners and linkage elements. More frequently,
. .fastener failures have resulted from lack of positive retention features, from inadequate
retention features, or from improper installation of fasteners with locking features.

Self-locking nuts and self-locking tapped bolthole inserts that rely on mechanical
interference of distorted threads have gained acceptance as' the preferred methods for
retention of internal fasteners in an actuator and linkage 3ssembly Fasteners with elastic or
plastic inserts that depend on insert compression and deformation forces for retaining the
- fasteners have been less reliable than the distorted-thread types, especially when fasteners
. are reused or when fasteners are exposed to large temperature ranges. '

The most common problem with self-locking fasteners has been the uncertainty of the
torque specification for securing the fasteners. The running torque required for rotation
against the resistance of the locking feature can vary over a wide range. If the total applied
torque is specified, the clamping force will vary as a function of the interference running
torque. Better control of the clamping force is obtained when the torque required for
clamping is specified as a torque value to be applied in addition to whatever tmque is
required during installation for overcommg the resistance of the locking feature, :

Lockwires, cotter pins, and bent-tab washers used in mechanical transmissions exposed to
. impact loads and vibration have been damaged during installation, causing stress
" concentrations that resulted in subsequéﬂtf&ﬁures. Thread-locking adhesive compounds are
~available for wide ranges of temperature; their use is increasing, especially for subassemblies
-that can be serviced by replacement rather than by overhaul. Shoulder bolts with
 self-locking nuts are preferred over linkage pins with snap-ring retdmers which require
sharp-cornered grooves in hardened parts exposed to impact and vibration and are
~ vulnerable to improper installation. ~

,Set SCrews rareiy are used in space—ﬂlght h&rdware because their scrubbing mode of contact
generates contaminants and because they are loosened by vibration. Staking of fasteners
produces metal chips and is an unreliable fastener retention method. Roll pins and spiral

lock pins have been used successfully where a completed assembly preveni:ed or limited pin
. disengagement.

.-24.1.3 GUIDES

2.4.1.3.1 Materials and Configurations

Many space-flight applications for linear-motion actuators and power transmissions require
the use of nonlubricated guide surfaces with sliding contact. Unacceptable wear, abrasion, or
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galling can be reduced or eliminated by the use of material for pistons, piston rods, and
Hnkage members that can he heat treated for hardness, and by the use of guide materials
suitable for nonlubricated shiding contact. The desien concept of figure 21, in which a
combination of Mylar lip scals and Teflon guides in an aluminum housing supports a piston
and piston rod made from Inconel 718, has been used successfully in pneumatic actuators
exposed to crvogenic temperatures. The metallic materials were selected to minimize
damage it inadvertent metal-to-metal contact should oceur.
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In some actuator applications, such as in piston-actuated valves for reactive fluids, desien for
nonfubricated metal-to-metal relative motion between moving elements and their guides
muay he required. Material chemical compatibility may be reduced by friction, seizing. wear,
scoring. or galling at melal-to-metal contact surfaces, Damage to dynamic seals s inherent #f

7




sealing surfaces are subjected to intentional or inadvertent metal-to-metal contact. Problems
associated with metal-to-metal sliding contact, friction forces, misalignment, rotation of
power-transmission elements, and applied vibration in short-stroke actuators have been
minimized or eliminated in many actuator and power-transmission designs by the use of
metal flexure guides. Metal flexure guides are designed for flexibility in the
axial-displacement direction and for stiffness in the directions of lateral and rotational
displacement. Figure 22 illustrates a typical flexure-guide application in which two flexure
elements suspend and guide a solenoid-actuated valve stem. The complex geometry of
flexure elements of this configuration frequently requires development effort in obtaining
elements with the desired mechanical spring rates.

2.4.1.3.2 Lengths and Clearances

As general practice intended to minimize binding or chatter, linear-motion actuators are
designed for an effective guide length that satisfies one of the following conditions (refer to
fig. 23): ‘

,/D>1
2,/d>3
L/D>1
where
Q, = piston guide length
2, = piston-rod guide length
L = effective guide length with guiding at £, and £,
D = cylinder bore diameter
d = piston-rod diameter

If we consider the following additional parameters

C, = diametral clearance at axial fength ¢,

C, = diametral clearance at axial length £,

e, = eccentricity of piston skirt to piston rod

e, = eccentricity of cylinder wall to piston-rod guide

71




/m

Y )

i . s r
—A

Sood ol -

- Salensig \ ) !
"/
r}n Coil -
—
. j - Shelt
T 1 e ;
o o\ B .i
; ; : ot !
ageet LT L ;’&'?@t :
AE PNy o, | e A -1 S :
o ;'w! m«l&,@%*ﬁmwﬁwmm Shod e Armature
N R L~ aing
v e
E L ey % oy 4
: 1 )
Fowns (st
A %
J' N % R e—— >
Elexyre - Filter - t e Rptaining e WO

tnfet rir

fetainimg rirg

Fignpre 32 - Tvpical use of flexure quides iny solenpid-actosted valve,




NN

TR

Figure 23 - Skefch illustrating parameters involved in piston guiding.

then, for the first condition to exist, it is also necessary that C, be great enough to preclude
contact between the piston rod and its guide. For the second condition to exist, it is
necessary that C, be great enough to preclude contact between the piston skirt and the
cylinder. When the désign intent is that the third condition exist, piston chatter can occur if
dimensional tolerances result in length €, or £, becoming the effective guide length; also,
eccentricities can result in binding. o ’

Referring again to figure 23,

1/2(C; +Cy)+e, +e,
L

tan ¢ =

where

¢ = maximum gossibie piston axial angularity with respect to cylinder axis for
clearances C, and C, over length L
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H G/ <tan ¢, the piston rod will not contact its guide (assuming sharp corners), and (
becomes the effective guide length. I C, /¢ <an ¢, the piston will not contact the cylinder
wall. and €, becomes the effective guide length. For length L to be the effective guide
length, the eccentricitics, normalities, and minimum  clearances must be adequately
controfled. with allowances for differential expansion or contraction throughout the
temperature range and for deflections under all loading conditions.

Transient and steady-state temperature distributions  thronghout an actuator assembly
frequently result in excessive friction or in binding when guide lengths and clearances do not
accommodate  differential thermal expansion or contraction of adjoining parts or
temperature-related distortions. Figure 24 shows two basic types of rod guides. Relatively
long continuous guides for axial-displacement rods. (fig. 24(a)). are more susceptible to
thermally induced binding than are the undercut guides (fig. 24(bY), which have the same
effective puide length but less surface for potential contict and interference.

3 Conbingnus rof guide it Underogt 1o quids

Fagere 20 - Bavie Yypee of 1o quider
2.5 INSTRUMENTATION FOR ACTUATORS AND OPERATORS

A discussion of the state of the art in the design of instrumentation per se is beyond the
scope of this monograph: references 3, 101, 151, and 152 arc typical of the extensive
literature available on this specialized subject. This section, therefore, is limited to a review
of prohlems and solutions that are critical in the successful use of instrumentation with
space-flight actuators and operators.

2.5.1 General Requirements

2511 §£§i§§§§§ OF FUNCTIONAL INSTRUMENTATION
Flight instrumentation associated with actuators and operators may be required for system

functioning or for system monitoring. In addition, flight hardware may require provisions
for the installution of checkout and test instrumentation that is not required for flight
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The reliability of a space-flight hardware system is enhanced:when instrumentation for
system functioning and for system monitoring are designed and installed so that a
malfunction of monitoring instrumentation cannot affect operation of the system. The
prevailing philosophy is that functional operation of a flight-hardware system is of primary
importance and that the addition of instrumentation for information purposes should in no
way detract from functional reliability. For example, the design requirements for ‘an
actuator may include a requirement for electrical indication that the actuator displacement
is within a specified percentage of the full-stroke position; the indication is to be used both
for initiating another event in operation of the flight system and also for monitoring of
flight performance. If one position switch is used to serve both purposes, the functional and
the monitoring instrumentation subsystems become interrelated at that switch, and a
malfunction in one subsystem could affect performance of the other. The use of two
actuator position switches, one for each subsystem, adds to the complexity of the actuator
design but eliminates a location for potential interraction between the subsystems

25.1.2 SAFE FAILURE MODES

Structural failure in a pressure-sensing instrument, such as rupture of a pressure transducer
diaphragm, has resulted in system fluid outflow with consequent fire hazard or system
pressure loss. Similar failure modes have resulted from structural failures in signal-pressure
lines to remotely located instruments. Operational failures have occurred in mechanisms
with position-indicating devices when mechanical failure of an indicator has interfered with
actuation of the mechanism.

The reliability of a space-flight system is enhanced when instrumentation is designed and
installed so that instrumentation structural or operational failures do not impair system
functioning. To the maximum feasible extent, instrumentation is designed for fail-safe
system operation (i.e., safe operation of a system continues in the event of an
instrumentation failure). Redundant indicators often are used when instrumentation signals
are essential in system operation.

2.5.1.3 ELECTRICAL CONNECTORS

Electrical connectors for flight instrumentation for actuators and operators include both
hermetically sealed connectors that are integral parts of indicating devices (e.g., pressure
transducers and position potentiometers), and connectors that are not hermetically sealed
but usually are attached to actuators with a flanged joint and a static seal. Connectors with
direct exposure to actuator internal cavities have failed when moisture and other
contaminants corroded or short-circuited the pins and wire attachments, or when the
connectors were mechanically damaged by inadvertent application of excessive pressure.
These problems are minimized when an electrical connector can be attached to an actuator

in a location that is exposed only to a vented cavity with an inert environment.
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2514 ACCESSIBILITY

When flight instrumentation is required for actuators and operators. the attachment
locations, electrical connector locations, clectrical conduit routing. and conduit support
locations require the same consideration that is given to hydraulic or pneumatic plumbing
systems. Providing accessibility for installation, calibration, and servicing often is in conflict
with the need to safeguard instrumentation-system components from exposure to handling
damuage or accidental impaet damage.

Requirements for checkout and test instrumentation at the system level frequently are not
established fully in the component design phase, and the needs for test instrumentation
accessibility do not always receive due consideration. Instrumentation locations that are
adequate for component level testing are not always accessible when components are
installed in a system. There are no general rules governing instrumentation accessibility.
Problems are avoided only when all component and system instrumentation needs are
investigated early in a design program, due account being given the physical orientation of
components as installed in g system.

2.5.2 Pressure Measurement

25.2.1 PRESSURE-SENSING LOCATIONS

Continuous measurement of actuator internal pressures permits computation of the actuator
forces that exist during motion transients. Oscillograph traces of the internal pressures
during motion transients indicale variations in actuator forces as functions of actuator
displacement. and indicate discontinuous forces resulting from mechanical binding or from
static friction that exceeds dynamic friction. When timing-control flow restrictors. plumbing
fittings. or housing flow passages introduce significant  pressure differences between
externally applicd pressures snd actuator internal pressures during motion transients. the
external-pressure. measurements provide erroncous indication of internal pressures: and
information thus obtained can be misleading in a performance analysis. External-pressure
measurement may require stafic-pressure recovery corrections to allaw for differences in
flow velocity in the actuator and at the pressure-sensing location. Whenever possible.
therefore, actuators are designed so that internal pressure may be measured directly.

2.5.2.2 TESTINSTRUMENTATION EFFECTS

The addition of pressure-measuring instrumentation to an operator-controlled actuator for
test or checkout purposes can alter its performance to the extent that the information
obtained under dynamic conditions is erroneous or to the extent that dynamic performance
is seriously impaired. The effect of instrumentation is especially critical in modulating
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systems, in pneumatic systems with small pressurized volumes, and in hydraulic systems in
which fluid-compressibility or bulk-modulus effects are critical. The addition of
instrumentation to a system with compressible fluids can result in an increase in a
pressurized volume and thereby increase the time required for pressure changes in that
. volume. In hydraulic systems, instrumentation that has not been primed (gases removed) or
instrumentation with flexible pressure-sensing elements can increase the time required for
pressure changes and can reduce the hydraulic stiffness of the system. Accordingly, the
possibility of any of these factors affecting the specific test setup and instrumentation is
evaluated, and the effects of the instrumentation on system performance are established.
References 153 through 157 review the dynamic response characteristics of signal-pressure
transmission lines. '

2.5.2.3 FLIGHT-INSTRUMENTATION EFFECTS

When actuators and operators are designed for applications in which flight-system
instrumentation is included, the same considerations given to, the effects of test
instrumentation on actuator and operator performance are applicable, except that the
effects of instrumentation volumes and flexibilities must be factored into the basic design
considerations for satisfying overall system performance requirements.

2.5.2.4 PRESSURE-TRANSIENT EFFECTS

. The transient response of pressure-sensing instrumentation occasionally has been impaired
when the instrumentation was situated remotely from sensed-pressure locations. Dynamic
response in hydraulic systems and in pneumatic systems has been impaired as a result of
fluid-compressibility effects. Figure 25 illustrates a technique that has been used for
remotely located pressure switches in an hydraulic system; the technique ensures
self-priming of a signal-pressure line by removing gases from the line prior to operation of a
switch.
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Figure 25, - Schematic of self-priming instrumentation line for hydraulic system, ’

Under standby conditions prior to operation, gases are removed by a circulation flow from
the sensed-pressure location PS through two identical orifices in series fo system return
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pressure PROAs the sensed pressure increases during system operation, flow through the
identical orifices results in o pressure PD at the pressure switch that is midway between the
sensed pressure and system return pressure. The pressure switeh is preset to actuate at
approximately one-half the desired sensed-pressure fevel for actuation. A pressure transducer
similarly situated in an hydraulic system would indicate approximately one-half the sensed
pressure, a primed sensing ine being utilized to minimize fluid compressibility effects. If the
sensed-pressure level is high relative to system return pressure, variations in system return
pressure will have only minor effect on the accuracy of instrumentation calibration.
Pressure-dividing circuits are discussed in greater detail in section 2.2.3.

2.5.3 Position Indication

2.5.3.1 BACKLASH AND HYSTERESIS

In closed-doop control of actuator position, buacklash or hysteresis that results in
instrumentation deadband will imit positioning accuracy and can result in hunting or
dyvnamic instahility. After a dynamic analvsis of a closed-loop system has been made. design
requirements are established fo define the maximum allowable deadband allotted to the
combination of actuator, Hnkuge, and indicating device. An indicating device and s
attachment method then are selected or designed for performance within the allowable
Himits,

25.32 ATTACHMENT MECHANICAL INTEGRITY

Attachment of s position-indicating device such as a potentiometer or transducer to an
actustor or ifs mechanical linkage osually requires some provision for accommodating minor
misalignment resulting from assembly ¢learances and dimensional tolerances. In cases
wherein g Hmited mechanical backlash is allowable, attachments sometimes are pinned. pin
clearance providing an allowance for misalignment. In cases wherein backlash is undesirable,
a flexible element firmiy attached to the indicator and fo the actuator fe.g. a relatively long
thin rod with thresded ends) sometimes is used. Position indicators have been desipned with
a spring-loaded follower clement bearing apainst an actuator piston or its linkage, or with a
spring-hiased pinned attachment,

The most common problems with attachments are (1) buckling. extension, or distortion of
flexible attachment members under fast displacement transients: (2) enlargement of
mochanical clearunces under displicement-transient and vibration conditions; {3} lomsening
of attachment Tadeners: and (4 indicator forces {including friction, mochanical hinding,
pressure. and inertia forcesy exceeding biasspring forces under shock, vibration, and
displacement-transiont conditions. Attachments that rely on spring forces alone to muaintain
follower contact are the Jeast reliable. Most attachment problems result from errors in



predicting the maximum transient forces that will be applied to an indicator attachment.
These problems are handled effectively only when adequate dynamic-force analyses are
carried out and when the design emphasizes mechanical reliability in complying with
performance requirements.

2.5.3.3 POSITION-INDICATOR RELIABILITY

As discussed in section 2.2.2.6, actuator position transducers, including potentiometers, are
among the least reliable components in flight hardware systems. Mechanical
position-feedback methods were developed for the gimbal actuation systems on the Saturn
vehicles, so that failure modes associated with electrical position transducers and their
circuits were eliminated. Approximately 90 percent of all unsatisfactory condition reports
recorded for the F-1 engine piston-actuated main propellant valves pertdin to the
position-indicating potentiometers in those valve assemblies. Because these valve-position
indicators are used for information only, they have not caused any operational failures; but
they have introduced servicing problems.

Position transducers are useful in the checkout or testing of open-loop actuation control
systems when actuator response timing is being established or verified. Frequently, electrical
switches that indicate the two extremes of piston displacement can serve the same purpose.
Actuation-fluid pressure measurements, or differential-pressure measurements across a flow
restrictor, can provide indirect indication of the velocity of the actuator piston. Hydraulic
and pneumatic pressure-divider circuits, for on-off or for continuous position indication,
provide mechanical alternates for electrical switches and potentiometers.

Reliability problems with position indicators are being solved by designing systems to
eliminate the need for such indicators and by using redundant indicators and
instrumentation circuifs.

2.5.4 Temperature Measurement

Temperature-measuring instrumentation for space-flight actuators and operators usually is
limited to thermocouples for monitoring temperature during component environmental
tests and system development tests. Special design provisions for the attachment of
thermocouples seldom are required, because thermocouples for test purposes can be
attached temporarily to production units with tape or adhesives. For development tests,
assembiy fasteners can be modified for more secure attachment.

Misleading results have been obtained in environmental tests of actuators and operators
when measurement of the ambient temperature has been substituted for direct measurement
of housing temperatures. When component tests are performed in environmental chambers,
the time required for component temperature stabilization may be many hours. Large
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rocket engine piston-actuated main propellant valves submerged in liquid nitrogen require
approximately 45 minutes for internal-temperature stabilization, about twice as long as the
clapsed time during which active bubbling it the nitrogen is visible evidence of continuing
heat transfor, When environmental fests are intended 1o provide thermal-offect mformation
on critical performance features such as actuator response tming and scal eakage, it &
eswentizl that actual fempersture distributions in the hardware be known For frue
indication of hardwure temperatures, thermocouples are attached dircctly to components,
Uhaally, extensive tests are requred to determine the most appropriate attachment poinls
and 1o establish the elapsed fime required for temperature stabilization,

2.5.5 Vibration-Test Measurement

Vibration tosting of apace-THeht sctuators and operaton, at the component fevel or svstem
jevel, ordinarihy i reguired in gualification fosting and occasionally i required i acceplunce
testing. Additional vibration fests mav be performed during the development phase of o
hardware program.

Acceleration fevel are messured during vibration testing of components and systems by
socclerameters attached st carefully selected points. The preforred attachment points are at
focations where nuximum aceelerations occur as g result of amphification of input vibration.
When a desien confipuration did not provide for convenient firm attachment of
aceclerometers, attachment has been difficult, accelerometers have detached during tesis,
and test results have been inaccurate: these problems are avoided when the instrumentation
needs are anticipated in the desien of o component. When a confipuration docs not permit
strap-on altachments, mounting pads sometimes are provided to permit drilling and tupping
for attuchment of accelerometers. When the spring mass of a system is small, special
precautions are taken to avoid altering component vibration  characteristios by the
attachment of instrumentation and  wiring, Proper procedures and  instruments are
extablished by cureful analvsis of the test setup,

:
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3. DESIGN CRITERIA and

Recommended Practices

3.1 ACTUATOR CONFIGURATIONS

3.1.1 Piston Actuators

3.1.1.1 GENERAL CONSIDERATIONS
3.1.1.1.1 Pneumatic Modulating Control Dynamics

Prneumatic piston-cylinder actuators for servovalve control shall satisfy
requirements for speed of response and load stiffness as well as requirements for
system dynamic stability.

It is recommended that quantitative design requirements for a pneumatic piston-cylinder
actuator for modulating control be established on the basis of nonlinear analysis of
closed-loop system performance. Computer techniques similar to those described in
references 14 through 16 should be employed in evaluating the effects of the critical
nonlinear and discontinuous functions. Pistons should be designed so that the restrictor
plenum compensation technique illustrated in figure 2 can be used if required by results of
analysis or by hardware tests. Actuator seals and guides should be designed for control of
static and dynamic friction forces within the limits established by system analysis. It is
recommended that analysis and design procedures be planned to allow for a number of
iterations in establishing design requirements, preparing preliminary designs, modifying the
mathematical model as hardware designs evolve, revising the original design requirements for
the various system components, revising preliminary designs, and so forth until all system
and component design and performance problems have been redistributed and solved.

3.1.1.1.2 Hydrsﬁfic Modulating Control Dynamics

Hydraulic piston-cylinder actuators for servovalve control shall satisfy
requirements for speed of response and load stiffness as well as requirements for
system dynamic stability. '

It is recommended that quantitative design requirements for an hydraulic actuator be
established on the basis of a computerized nonlinear dynamic analysis of closed-loop system
performance. Modulating actuators should be designed for continuous removal of trapped or
fluid-entrained gases or vapors (sec. 3.1.1.1.4). Actuator seals and guides should be designed
for control of static and dynamic friction forces within the limits established by system
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analvsis, Firm achiator design requirements should not be established wunti! there hax been

sufficient inferaction hetween system analvsic and preliminary desden to distribute and selve
system desien and performance problems,

3.1.1.1.3 On-Off Control Dynamics

Actuator response timing shall not be affecred adversely by differences in piston
effective areas, actuator volumes, or sweept volumes.

Hydraulic on-off actuators should be designed for continuous selfopriming to mininize
fluid-compressibility effects in obtaining repeatable response timing (sec. 3.1.1.1.4).
Hydraulic-fluid flow-control restrictors must be sived to accommndate differences in piston
effective areas and volumetric displacements on both sides of a double-acting piston.

For a pneumatic on-off actuator, with response-timing control required in both directions, it
is essential that (1) the volume on each side of the piston, with the piston at cach eXtreme
of its displacement. (2} the piston effective areas and corresponding swept volumes and (3
the flow-restrictor sizes for each side be adiusted so that the time for motion star in
addition fo the fullstroke motion time in cach direction will sutisfy the response
requirements. Fisures 26 and 27 {ref 42 provide a convenient method for compusting
pnoumutic-pressure esponse Hme inoan actuator cavity with a response-control Dow
restrictor. A cavity volume, a restrictor offective flow area, and gus properties are uxed to
compute a response-time constant 7. Figure 26 can then be nsed to relate cavity pressure o
a step increase in signal pressure. Figure 27 can be used to relate cavity pressure to the infticd
cavity pressure in response to a step opening of a vent flow path. Response time is plotted in
terms of the computed time constant,

The parameters involved in fipures 26 and 27 are treated therein in customary units, In 8
units,
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Figure 26, - Plot of gas pressurizing transients in a fixed volume (ref. 42).
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CA = effective flow area, mm?

R = speczﬁc gas constant, N-m/K-kg
T, - = supply gas temperature, K
(T, )0“ = jnitial cavity temperature, K

2\ (k+1)/(k—1) ‘
Ssonic = YK K+ -, dimensionless

3.1.1.14 Hydraulic-Actuat_or Priming

Actuator dynamic response and actuation system stiffness shall not be affected
adversely by trapped or ﬂmd—em‘yazned gases OF vapors. :

The most re’liable tcchnique' for removing gases in an hydraulic actuation system, and for
maintaining this primed condition, is to design the actuator for a controlled-circulation flow
of hydraulic fluid prior to and during operation. This design feature can ensure removal of
gases initially in the system and removal of entrained gases and vapors released from the
actuation fluid as the fluid pressure decreases from supply pressure to the actuator internal
pressure during actuation. When efficiant self-priming is not feasible, design analysis and test
results should verify that the response and stiffness meet requirements under all potential
conditions of partial priming. ‘ ST

With a single-acting hydraulic piston actuator, continuous priming shoﬁld be obtained with
(1) a three-way valve operator that delivers hydraulic-system return pfessure to the actuator
cavity during standby and delivers supply pressure dtmng operation and (2) a
controlled-leakage flow path from the actuator cavity to a drain system that is at a lower
pressure than the hydraulic-system recirculating return pressure. For a direct-acting
actuator, the sensed-pressure source can be used. for circulation flow if pressure is available
prior to actuator operation. Avoiding depletion of the fluid supply is a primary
consideration in designing single-acting actuators for continuous priming.

With a double-acting hydraulic piston actuator, continuous priming should be obtained by
(1) using a four-way-valve operator that provides hydraulic system supply pressure to one
actuation cavity and hydraulic system return pressure to the other cavity and (2)
interconnecting the two actuation cavities with a controlled-leakage flow path. The inflow
port and passages and the outflow path must be located to maintain a circulation flow that
will remove gases with the actuator in any operating attitude. The actuator should be
designed so that there are no cavities for gas entrapment at an elevation higher than that of
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any outflow path. Clearances in piston-cvlinder seals and orifices or drilled holes for flow
through a piston are convenient paths for priming fow, If an operational attitude for an
actuator is such that gas may be trapped in g location that will not be primed by circulation
flow through the piston, #t may be necessary to add priming flow passages for outflow from
those focations Inflow pussages nuny be docated tngentinlly with respect to the ovlinder
wall fo assist priming by creating a swirling circulation flow,

Bxceptions to these practices occasionally are necessary for pressure-sensing actuators
exposed o a system pressure that must be contained with little or no leakage. In this case,
the entrapped-gas compressihility effects must be accommodated in the system design,
ustatly by minimizing the actuator volume and displucement.

3.1.1.1.5 Hydraulic-Fluid Temperature Control

Actwator fluid remperature shall remain within allowable limits under standby as
woll ax operational conditions.

The simplest combination of actuator materials, heat-transfer path, and fluid-circulation
flow path that satisfies this requirement should be used. Electrical heaters or hydraulic heat
exchangers requiring separate plumbing are alternates that should be considered only if
simple actuator design conceplts are not feasible.

Actuator-fluid temperature s controlled most simply by sizing the circulation flow
rexistunces provided  for actuator priming flow so that the priming flow, from a
temperature-controlied source, is sufficient to prevent heat transfer from changing the fluid
temperature heyvond established Bmits,

When the circulution flowrate required for temperature control is lurge relative to the
flowrate required for actuastor displacement transients, paraliel-circulution flow paths are
recommended. The actuation Auid shonld flow through g timing-control flow restrictor. and
the temperature-control fluid should fow through heat-exchanger passages in the actuator
housing Flow restrictors in g temperature-control flow path should be located where the
greatest localized heat-transfer coefficionts, accompanying localized high fluid velocities, are
most beneficial in transforring heat energy {o or from the hydraulic fluid,

3.1.1.1.86 Safety Requirements for Test and Operation

Tost amd nperation of pressurized components shall comply with requircmenis for
porsoncl safory as well as weith those for sgructural fnregriny,

It i recommended that proof pressures be specificd with o tolerunce of 12 pereent. The

fluid 1o be used, the test setup, the filintion and moikture-limiting requiremoents, and the
tes procedure should be specified in detuil for protection of personnel as well as for
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preservation of hardware structural integrity. The proof pressure should be applied for a
minimum time of 2 minutes and then reduced to zero at specified limiting rates of pressure
change. Each proof-pressure test should be repeated for a total of five pressurizing and
depressurizing cycles.

The safe operating pressure for personnel exposure should be a function of the pressurizing
media, the pressures the component has previously experienced, and the component
burst-pressure rating. If a safety-factor policy has not been established, the following
practices are recommended. For components that may be pressurized with poisonous,
corrosive, flammable, cryogenic, or compressible fluids and that are not proof-pressure
tested, the safe operating pressure should not exceed 1 /6 the calculated or demonstrated
minimum burst pressure, whichever is lower. When such components have been
proof-pressure tested, the safe operating pressure should not exceed 2/3 the proof pressure
or 1/4 the calculated or demonstrated minimum burst pressure, whichever limit is lowest.
For components that will be pressurized with nonhazardous liquids only, and that are not
proof-pressure tested, the safe operating pressure should not exceed 1/4 the calculated or
demonstrated minimum burst pressure, whichever is lower. When such components have
been proof-pressure tested, the safe operating pressure-should not exceed 2/3 the proof
pressure or 2/5 the calculated or demonstrated minimum burst pressure, whichever limit is
lowest.

Whenever feasible within design constraints, each spring-loaded actuator should be designed
so that disassembly results in every spring with significant force returning to its free fength
with the assembly fasteners still engaged. This practice requires careful attention to fastener
engagement lengths and to spring lengths. Shorter springs with greater spring rates
frequently can be used to eliminate disassembly problems while obtaining the required
installed load. When an assembly procedure requires the application of spring forces prior to
engagement of spring-retaining features, with consequent disassembly hazard, a standard
warning tag must be used. A durable metal warning tag should be attached to the actuator in
a prominent location in a manner that minimizes the potential for inadvertent damage or
removal.

3.1.1.2 FLOW RESTRICTORS

3.1.1.2.1 Flow éentroi

Flow restrictors shall satisfy actuator response requirements with the least
possible testing and fitting.

When precise control of actuator response is required in an open-loop system, it is
recommended that response-control flow restrictors (primarily orifices) be designed for
installation with negligible leakage in paraliel with the primary flow paths through the
restrictors. The use of flow-test procedures to size orifices is recommended only when the
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orifice configuration is not amenable to control of the effective flow area by precise control
of dimensions. The use of sharp-edged orifices is recommended for case of control of orifice
entry geometry and attendant flow cocfficients. The dimensional tolerances and surface
finishes should be established with sufficient precision to eliminate the need for orifice flow
testing and cut-and-try sizing. Tt is recommended that the smoothness of surface finish
specified for the orifice bore and the upstream face be consistent with the desired sharpness
of the entry. These recommendations are illustrated in figure 28 for a response-control
orifice that is designed for symmetry to climinate potential assembly error.
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figure 2. - Recarmended tolprancec for 2 precision orifice,

As discussed in section 2.2.1.1, if cut-and-try procedures are to be eliminated in satisfying
actuator response requirements, it s essential that pilot valve effective flow arcas and
plumbing line siz

izes be great enough to concentrate system flow resistances at the
response-control orifices.

When an orifice must be flow tested to obtain and verify the desired effective flow arca, the
test setup of figure 29 i3 recommended, When the same test setup is used for checking all
orifice test specimens, the effective flow area of a specimen is proportional to the ratio of
P2 to P1 for pneumatic flow, or is proportional to the square root of the ratio of {(P2-P 1o
(P1-P2) for hydraufic flow. With this sctup, pressure Pl is regulated at a specified nominal
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; ] ; ¥ 1 i BLU .
o - P3Pyt
4 il Ny
o Pressue "\ Standare ~ Yestorifice
reguialor orifice

figure 25, - Schematic of setap for prifice flontest
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- value, and the effective flow area of a test specimen is compared with the effective flow area
- of an orifice used as a comparison standard. The test requirements can be based solely on

two. pressure measurements and the appropriate ratios, eliminating the need -for flow
_ measurements with their inherent limitations on accuracy. - ‘ ~

. It is recommended- that precision orifices be finished by precision lapping procedures for the

~bores and. faces. With orifice-entry edges controlled by the intersection of two lapped
surfaces, deburring of the . orifice entry is not necessary, -and precise control of entry
geometry is obtained. To prevent mechanical damage and to obtain the required degree of
inspection accuracy, precision orifices should be inspected by high-power microscope only;
the use of go/no-go pins and other mechanical inspection techniques should be prohibited
by drawing-controlled specifications. ‘

3.1.1.2.2 Temperature-Effect Compensation

Actuator dynamic response as a function of ﬂs,sféf flow shall remain within
allowable limits throughout the full range of fluid and environmental
temperatures. S

When changes in fluid temperature affect the flow through a fixed flow restrictor to the
extent that actuator dynamic response fails to comply with response requirements, a
restrictor with temperature-effect compensation should be considered as an alternate to a
fixed restrictor. If a design concept like that of figure 5 is used, obtain nearly linear
,jgcmpensation~threugh<}ut the temperature range by careful apportionment of the parallel
‘,V,ﬁ_{}w‘rates through the fixed and variable restrictions under room-temperature conditions. -

31 .“E ‘,2.3 ‘ Cdntaﬁaiaatiea‘

oir o Actuator dynamic response shall not be affected adversely by flow-restrictor
Sy Lo COnfamination. - : - ; . * s

In hydraulic systems, .wherever a small-size, response-control flow restrictor is used, a
_strainer:or filter should always be located to protect the restrictor against contamination
resulting from fluid inflow. If the hydraulic actuator is designed to minimize internal
contaminant generation and is assembled under clean conditions, filtration of outflow is not
required. This practice applies when an orifice diameter is 0.070 in. (1.78 mm) or smaller;
for a needle valve, it applies when the radial clearance between the needle and the valve seat
is 0.070 in. (1.78 mm) or smaller. A filter located near a flow restrictor must be shielded
from direct fluid-jet impingement against the filter element to preclude filter-element
damage when flow is in the direction of the restrictor to the filter.

In pneumatic systems, the use of individual filters for critical flow restrictors requires
evaluation of each particular case to determine whether a filter will enhance or detract from
restrictor reliability. In debatable situations, the design should include provision for
flow-restrictor filters that can be retained or deleted as test and operating experience is
accumulated.
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A strainer or filter and @ timing-control flow restrictor incorporated in an actuator assembly
is the preferred configuration because it protects the assembly  against inadvertent
contamination or inadvertent overspeed actuation during component checkout. A filter
should he sized for low pressure drop and for adequate capacity to retain contaminants, g0
that changes in filter flow resistance will have only minor effect on overall flow resistance,

3.1.1.3 SPRINGS
3.1.1.3.1 Genera! Requirements

A mechanical spring and its installation shall sarisfy  actuator  reliability
requirements as well as spring mechanical design requirements.

The use of mechanical springs in piston actuators should be avoided whenever feasible,
When springs are required, it is recommended that all helical springs be designed for
solid-height stresses within the allowable stress limits for the spring materialy; this practice
will preclude spring deformation under vibration conditions in which coil clushing may
occur. Stress limits must allow for the maximum spring temperature that maybe oceur
under all test as well as operational conditions. Potential vibration-induced deflections
should be minimized by designing cach spring so that the deflection from free benpth to
minimum working length is approximately 80 percent of the deflection from free length to
solid height

3.1.1.3.2 Generation of Metal Particles
A mechanical spring and its retention features shall not generate metal particles,

Clearances between springs and adjacent parts should be designed to preciude contact
resulting from acceleration and vibration deflections as well as from distortion deflections
that accompany spring installation and piston stroking. Details of spring end-coil design
should be specified explicitly to eliminate sharp edges and to control the thickness and
structural inteerity of end-voil tips. It is recommended further that helical-spring end coils
and end-coil retainers be desiened  to minimize potential lateral displacement and
consequent relative motion. Diametral clearance between a spring end coil and its retainer,
required (o accommodate coil-diameter forming tolerances. can be reduced by machining
end-coil inside or outside diameter to closer tolerances than the forming tolerances.
Additionally | it is recommended that an end-coil retainer for a helical spring be fabricated
from relatively hard metals only. Spring retainer configurations can be machined directly
into a steel piston or housing. When a relatively soft metal such as aluminum is used fora
piston housing, separate steel spring retainers, restrained by pins or other mechanical
interlock against motion relative to the piston or the housing, should be used.
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3.1.1.3.3 Helical-Spring Rotation

Helical-spring angular displacement that accompanies axial deflection shall not
produce adverse effects.

Helical-spring rotation that occurs as the spring is compressed to its installed length during
assembly of an actuator should be accommodated by one of three methods: (1) allow the
piston to rotate; (2) use assembly fixtures that permit spring rotation; or (3) use a thrust
bearing in compression under a spring end coil. Coil rotation that accompanies a long
working stroke should be accommodated by a design that allows piston rotation or by the
use of a thrust bearing under one end coil. The preferred location for a thrust bearing is at
the fixed end of a helical spring rather than at the moving piston end. Coil rotation
accompanying compression of adjacent coils into contact with each other (coil clash) as a
result of acceleration or vibration should be minimized by designing springs as
recommended in section 3.1.3.1.

3.1.1.4 MATERIALS
3.1.1.4.1 General

Material structural integrity shall be maintained throughout the storage and
service life of an actuator.

Materials known to be susceptible to stress-corrosion cracking (table I) should not be used
when the expected environment is conducive to that failure mode. Parts made from
aluminum alloys should be chromic- or sulphuric-acid anodized to enhance corrosion
resistance. Surface finishes of 63 u in. (1.60 um) AA, or smoother, should be specified for
- all machined surfaces. Materials selections for specific types of actuator and operator
elements are discussed under separate topic headings for those elements.

3.1.1.4.2 Helical-Spring Material

Helical spring material shall be compatible with the environments to which it will
be exposed.

For maximum reliability in space-flight hardware, materials for helical springs should be
limited to the corrosion-resistant alloys.

When design analysis reveals temperature-related spring-force or spring-rate variations
resulting in failure to comply with actuator performance requirements, the use of a
Ni-Span-C helical spring, heat treated to minimize temperature-related variations in its spring
rate, is recommended. When Ni-Span-C is used, the solid-height maximum fiber stress should
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be limited 1o the range of 60,000 to 80,000 psi (414 to 532 MN'm? ). with 60.000 psi (414
MN ‘M) as the limit in applications where spring vibration is anticipated and shift in
installed oad s a critical desien consideration. The use of Ni-Span-C or similar spring
materials to minimize temperature-related variations in mechanical spring rate requires strict
quality control procedures to verify the effectiveness of the material heat treatment
Because the allownble stresses for Ni-Span-C are appreciably lower than the allowable
stresses for other commonly used spring materials, greater installation space must be
provided for Ni-Span-C" springs: this space requirement should be anticipated carly in the
design activity, '

When differential expansion or contraction of actuator component parts results in excessive
variation in the installed length of a reference spring, the temperature-effect compensation
techniques of section 3.1.2.3.2 ure recommended.

It is recommended that the use of 17-4PH and 17-7PH for springs be discontinued because
these materials are susceptible to long-term stress corrosion.

3.1.2 Diaphragm Actuators

3.1.2.1 GENERAL CONSIDERATIONS
3.1.2.1.1 Fluid-inflow Effects

Diaphragm structural integrity shall be maintained under all conditions of fluid
inflow,

It is recommended that pressurized cavities and inflow porting associated with a diaphragm
be desiened so that high-velocity fluid inflow during initial pressurization or during
operation does not impinge directly on the diaphragm. In designs requiring small clearances
between a movable diaphragm surface and fixed surfaces, the fluid inflow should be filtered
to preclude damage resulting from  trapping solid-particle contaminants between the
diaphragm and the fixed surfuces. When test or operational conditions introduce the
potential for ice formation in the clearances between a movable diaphrazm and adjacent
fixed surfaces, the clearances should be designed to accommodate this form of solid-particle
contamination. and system operational specifications  should  bhe  established  and
implemented to minimize this problem.

2.1.2.1.2 Vibration

Diaphragm  evele-life  endurance  capahility shall nor  be  degraded by
vihration-indueed dynamic oseillations,
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It is recommended that: diaphragm reference springs and their installations, especially for
modulating diaphragms, be designed to eliminate resonance modes under vibration
conditions. Diaphragms should be isolated from fluctuating driving forces associated with
sensed-pressure dynamics. It is recommended that modulating diaphragm actuators be
designed for dashpot damping, using the diaphragm as the dashpot piston and sizing the
“associated volume and. orifice for the maximum damping consistent with the required speed
of response. R ‘ { S

3.1.2.1.3 Installation Mismatch

Diaphragm cycle-life endurance eapabz&z‘y shall not be degraded by mismatch of
. diaphragm elements with contacting surfaces.

Alignments and concentricities of all parts that affect installation of a diaphragm should be
obtained by controlling tolerances on dimensions and by designing for self-alignment of
parts that contact each other. To obtain concentricity of inner and outer clamping surfaces,
take into account the diametral clearance between the diaphragm piston rod and its guides.
The assembly procedure, and the use of any required tools and fixtures for the positioning
of parts, should be formally specified and controlled. When nonmetallic; diaphragms are
used, the use of initially flat diaphragms of pliable plastic materials, with convolutions
formed in place by the application of controlled pressures f(}liowzng msta}}atzon should be
considered. ‘ * :

3.1.2.1.4 Interply Pressures : SRR T

Actuation pressures shall not result in interply pressurization of a multiple-ply
diaphragm.

“Actuators with multiple-ply diaphragms should be designed to preclude exposure of interply
voids to applied pressures. When multiple-ply diaphragms are retained by clamping,
diaphragm inner: and outer edges should be vented to ambient pressure. In mechanical
design, utilize the basic concepts illustrated in figure 6. Seal welding of metal diaphragms,
alternate diaphragm clamping features, or supplementary static seals may be used to
advantage, the choice depending on specific actuator configuration requirements.

3.1.2.1.5 Convolution Reversals
A diaphragm actuator shall withstand ~the maximum anticipated
differential-pressure reversal without loss of required cycle-life €}Id€«!§’a’}2€€
capability.

The stiffness of metal diaphragm convolutions may be sufficient to resist deformation when

exposed to low-level differential-pressure reversals. A factor of 1.5 should be applied to the
anticipated differential-pressure reversal for purposes of analysis or test. Each
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diaphragm-actuator application must be analyzed carefully to determine the maximum
potential diaphragm  differential-pressure reversal, under transient and surge pressure
conditions, as well as under quicseent test and operating conditions, so that the actuator can
be designed to accommodate the most severe differential-pressure reversal that may be
experienced in service. The use of opposing diaphragms with a vented intermediate space, as
illustrated in figure 6(h), eliminates the potential for diaphragm reversal resulting from
applicd differential-pressure reversils,

3.1.2.1.6 Overstroking

A diaphragm shall nor be subject to overstroking and overstressing in any phase of
an assembly process

If an assembly process requires a diaphragm-actuator subassembly that at any time can be
separated from stroke-limiting features in the complete assembly, the actuator subassembly
should have mechanical stops to limit potential diaphragm axial displucement to no more
than 90 percent of its calculated maximum allowable displacement. The maximum
allowable axial displacement of a diaphragm from its neutral position can be used most
efficiently if the diaphragm is installed in an actuator assembly so that its neutral position
corresponds to the midstroke position of the actuation mechanism. Under these conditions,
the working stroke of the diaphragm will be one-hall the full stroke of the actuation
mechanism. Stated conversely. the full stroke of the actuation mechanism can be two times
as great as the allowable axial displacement of the diaphragm. For a given diaphragm design,
such installation minimizes diaphragm  deflection stresses and  provides the greatest
allowance for dimensional tolerances related to axial positioning of the diaphragm when an
actuator is assembloed.

3.1.2.2 DIAPHRAGM ELEMENTS
3.1.2.2.1 General Reguirements

A diaphragm and its installation  shall comply with actuator  reliability
requirements as well as with diaphragm mechanical design requirements.

Convolution annular width, depth, blend radii, and the material thickness must be designed
to accommodate applicd pressures and axial deflections within the material stress
limitations. Retainer comers adiacent to diaphragms should be smoothly rounded with a
minimum radius dimension at Jeast double the diaphragm thickness. Retainer radii should be
smaller than mating diaphragm-convolution blend radii to minimize the potential for
mechanical interference. Convolution annular widths must be large enough, and material
thicknesses must be small enough, to preclude convolution wrinkling during forming orasa
resudt of axial displucement
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Tests of representative diaphragms, as installed in an actuator assembly, should verify
conformance with design requirements for mechanical spring rate, deflection, and applied
pressures; and life-cycle tests and vibration tests should verify reliable conformance with
durability requirements.

3.1.2.2.2 Interply and interface Contamination

Fabrication, processing, and installation of diaphragm elements shall minimize the
potential for failure resulting from interply or interfuce contaminants.

The use of single-ply diaphragm elements provides the most direct approach to eliminating
diaphragm contamination problems. When multiple-ply diaphragm elements are used, they
should be formed and maintained as matched sets; and formal procedures for forming,
processing, and installing should be specified and rigorously controlled so that diaphragm
interply cleanliness is maintained. With single-ply or multiple-ply diaphragms, effective
process controls are required in obtaining cleanliness at interfaces between diaphragms and
contacting parts. When a metal diaphragm, single-ply or multiple-ply, is welded to a retainer,
the interface between the diaphragm and the retainer should be designed to minimize the
potential for interface contamination during welding; effective process controls should be
implemented to obtain and maintain interface cleanliness.

3.1.2.2.3 Diaphragm Forming
3.1.2.2.3.1 Die Forming

Dies and forming procedures for preformed diaphragms shall control diaphragm
geometry within acceptable limits.

Forming dies should be designed with an allowance for material springback when forming
forces are removed. In all cases, representative -samples of diaphragms formed with a
particular die design should be precisely inspected and tested to prove conformance with
design requirements. Inspection of diaphragm proof samples may indicate consistent
production of diaphragms with acceptable dimensions. If those dimensions differ from the
dimensions originally specified, as a result of material springback, minor revision of
dimensional specifications for parts that clamp the diaphragm may be required. The need
for such minor revisions should. be anticipated in a design program when a new
preformed-diaphragm design is to be used, and springback cannot be predicted precisely.
Rigorous production controls are required fo ensure that all preformed diaphragms used in
actuator assemblies have been formed with proven dies and that no changes in the dies, the
diaphragm material, or the forming process occur without a repetition of the die-proving
procedure. To supplement the production controls, sample diaphragms from each
production lot should be inspected dimensionally and burst tested.
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3.1.2.2.3.2 Forming in Place
A formed-in-place diaphragm shall withstand actuator operating pressure.

When a diaphragm is to be formed in place, the initial application of pressure should be a
forming pressure that is greater than the maximum anticipated operating pressure. including
surge pressures. The forming pressure should be equal to or greater than the required proof
pressure for the actuastor. It is recommended that the forming pressure be applied gradually,
maintained for several minutes, and then removed gradually. This cycle should be repeated
several fimes to ensure complete forming (sec. 2.1.1.1.6). Diaphragms thus formed should
never be reused. Formal specifications should require the installation of new diaphragms and
a repetition of the forming-pressure cycles any time an actuator has been disassembled. 1f 4
diaphragm is to be formed at room temperature, the specificd forming pressure should take
into account the material propertics at maximum operating femperature and maximum
operating pressure. The diaphragms must be designed to preclude excessive yielding and
localized thinning under the forming conditions, due account being given the actuator
stroke as well as the forming pressure. Development test effort in establishing the optimum
material thickness should be anticipated for new designs that are significantly different from
proven desipng,

3.1.2.3 SPRINGS

3.1.2.3.1 Spring-Force Control
! i
Lateral components of spring forces applied 1o a diaphragm shall remain within
acceprable limits throughout the required eyele life

Actuator desien details should be carefully controlied to ensure uniform application of axial
spring forces with respect to a diaphragm axis. Lateral spring forces applied to a diaphragm
should be minimized, and a diaphragm should have adequate support against lateral
deflection. When helicalspring lateral forces resulting from nonparallel spring ends in the
installed condition can be transmitted to a diaphragm. springs should be fabricated for
parallielism of the end coils at the installed compressed height. 1t is recommended that all
drawings for helical compression springs be supplemented by a specification document that
establishes spring classifications, design requirements for each classification, and quality
control requirements for obtaining spring precision commensurate with specific application
requirements.

3.1.2.3.2 Temperature-Effect Compensation
A diaphragm actuator shall function satisfactorily §§§$‘f}§§£€§f§§fz’ the ranpe of

femperatures, femperature gradients, and temperature fransicnts 1o which it ix
exposed
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When actuation at a precise pressure setting is required and when compensation for
temperature effects is necessary, conduct a thorough analysis of environmental conditions
and of transient and steady-state temperature gradients throughout the actuator assembly.
The design techniques discussed previously are recommended in preference to the more
elaborate techniques described in references 64, 65, and 75, unless design complexity can be
justified in specific design situations.

3.1.2.4 MATERIALS

Dzaphragm materials shall not be affected adversely by installation, sz‘es‘age z‘esz‘
and opemtzonal conditions.

Factors that must be considered in selection of material include heating dﬁring welding,
potenhaﬁ g&hranzc corrosion, stress corrosion, stress relaxation, thermal stability, cyclic
stresses, and chemical compatibility. Cold working during forming increases the strength of
some metals such as the 300-series CRES alloys, but if cold-workable diaphragms are to be
welded to retainers, they should be stress relief annealed to obtain diaphragms with
predictable and repeatable properties. It is recommended that the use of 17-7PH for
diaphragms be discontinued because of its susceptibility to long-term stress corrosion.
Hydrogen embrittlement of 17-7PH, and consequent drastic reduction in cycle life,
eliminates this material from consideration when exposure to hydrogen is required. Inconel
718 is recommended for applications requiring high strength or extensive cycling. The use of
nonmetal diaphragms should be limited to applications in which very low mechanical spring
rates are necessary and excellent cleanliness control is assured. Materials for nonmetal
diaphragms should be selected for reliable quality control as well as for physical properties.

3.1.3 Bellows Actuators

3.1.3.1 GENERAL CONSIDERATIONS
3.1.3.1.1 Fluid-Inflow Effects

Bellows actuator structural integrity shall be maintained under all conditions of
fluid flow. r '

It is recommended that pressurized cavities and inflow porting associated with a bellows
element be designed so that fluid inflow does not impinge directly on the bellows. In designs
requiring small clearances between convolutions, fluid inflow should be filtered to preclude
damage resulting from trapping solid-particle contaminants between convolutions. When test
or operational conditions introduce the potential for ice formation between convolutions,
generous clearances between convolutions should be provided, and system operational

97




specifications should be established and implemented to minimize any possibility of ice
formation,

3.1.3.1.2 Fluid-Flow Dynamic Forces

Bellones evele-lite endurance capability shall nor be degraded by fluid-flose
dynamic forees

When an actuator design requires exposure of a bellows element to fluid flow that may
apply continuing dynamic forces to the bellows, the actuator should be designed to
attenuate those torees. In a pressurc-actuated valve assembly with a bellows exposed to the
valve effluent, itis recommended that the bellows he located in a semistagnant region out of
a turbulent flow path or located in an enclosure or shield sleeve that ereates a semistagnant
environment for the bellows It is recommended that a pressuresensing bellows be located
in an isolating cavity with an orifice or small port for snubbing sensed-pressure fluctuations,

3.1.3.1.3 Fatigue Life

Belloses elemenes shall satisfy full-soroke evoele-dife endurance requiremoents and
vibration endurance reguiremenis

This criterion is satishied best by desiening a bellows so that s natural frequencies are ahove
the ranpge of the driving frequencies with sipnificant energy. 1 thix technique 8 not feasible,
as a result of dedien constraints, i1 s essential that the actuator and it bellows element be
desiened for vibration damping. Vibration damping can be obtained by the use of an
articulated hellows, using the dividine rinps or guides as friction dampers or a8 viscous
damping vimes. Articulated bellows guides with controlled guide-to-cylinder clearances for
fluid flow, and with orifices throueh the puides if necessary for flow control, can be used to
introduce vibration damping forces oppoding puide velocity but independent of steady-state
displacement. a< in the case of fluid dashpots In desiening for fullstroke cycle-ife
endurance requirements, generous allowance should be made for factors that can reduce the
fatipue life of o particubar bellows element. ¢.g., localized convolution deformations incurred
during fabrication, processing, or in<tallation. When extended cyeledife endurance is
required. especially under conditions of severe vibration, the recommendations in sections
3.1.3.2. 2 and 3.1.3.2.3 for the use of single-ply formed bellows are emphasized.

3.1.3.1.4 Overstroking

Bellonwes elements shall not be subjectr 1o overstrokine and overstressing in oany
phase of an assembly process

If an assembly process requires the use of a bellows-actuator subaseembly that at any time
can be separated from stroke-limiting features in the complete assembly, the actuator
subassembhy should contain mechanical stops that Hmit potential bellows axial displicement




to no more than 90 percent of the calculated maximum allowable displacement. The
maximum allowable axial displacement of a formed bellows from its neutral position can be
used most efficiently if the bellows is installed in an actuator such that its neutral position
corresponds to the midstroke position of the actuation mechanism. Under these conditions,
the working strocke of the actuator will be one-half the full stroke of the actuation
mechanism. Stated conversely, full stroke of the actuation mechanism can be two times as
great as the allowable axial displacement of the bellows from its neutral position. For a
given formed-bellows design, such installation minimizes bellows deflection stresses and
provides the greatest allowance for dimensional tolerances related to axial positioning of the
bellows when an actuator is assembled. When bellows with corrugations welded to each
other are used, displacement in extension from the neutral position should always be
avoided. Bellows handling and installation procedures should be specified and controlled to
protect bellows elements and to prevent installation of damaged elements.

3.1.3.2 BELLOWS ELEMENTS
3.1.3.2,1 General Requirements

Bellows characteristics and bellows installation shall satisfy actuator reliability
requirements as well as bellows mechanical design requirements.

General design practices for bellows should be supplemented with the specific design criteria
and recommended practices presented in section 3.1.3.1.

Tests of representative bellows, as installed in an actuator assembly, should verify
conformance with design requirements for mechanical spring rate, deflection, and applied
pressures; and life-cycle tests and vibration tests should verify conformance with durability
requirements.

3.1.3.2.2 Interply Contamination

Fabrication, processing, and installation of bellows elements shall minimize the
potential for failure resuiting from interply contaminanis.

This criterion is satisfied best by designing actuators for the use of single-ply bellows
elements. When the use of multiple-ply bellows elements is essential, on the basis of
objective and critical analysis of actuator design requirements, formal procedures for
ensuring interply cleanliness during bellows element fabrication and welding to end fittings
should be specified and rigorously controlied. When multiple-ply bellows are heli-arc
fusion-welded to an end fitting, the plies should be resistance-welded together at the bellows
ends prior to fusion welding to the end fitting in order to prevent entry of gases or
contaminants between the plies.

99




2.1.3.2.2 Fabrication Effects

The structural characteristios and endwrance capabilities of belloves elements shall
st he degraded by fubrication effects,

This criterion is satisficd best by designing actuators for the use of formed bellows elements.
When the use of bellows elements with corrugations welded 1o cach other is essential, on the
basis of actuator size or mechanical spring rate limitations, welding process procedures
should be carefully specified and rigorously controlled. v :

When a bellows is made from heat-treatahle metal alloys, the bellows should be welded to
compatible non-heat-treatable end fittings prior to heat treatment. When bellows end
fittings are welded to an actuator housing or to other actuator elements, bellows heating
should alwavs be avoided because localized heating may alter the bellows material
propertics.

When beltows with welded corrugations are used. actuators should be designed for
essentially all hellow< operation in compression only.

It is recommended that all welding procedures include cleanliness control procedures as a
safepuard against potential corrosion. For minimizing corrosion potential. welding at end
fittings is recommended in preference o soldering or brazing.

When exposure to reactive fluids is required, actuators should be designed so that crevices at
bellows end-fitting joints are not exposed to the fluids.

32.1.3.2.4 Bellows Sguirm

The acruator configuration shall preclude the occurrence of structural failures
resudting from belloves squirm or colimn buckling.

it is recommended that actuators be designed so that the maximum pressure difference to
which a bellows element is exposed is applicd with the higher pressure external to the
bellows element. The actuator design should provide sufficient guiding of movable bellows
ends to preclude Tateral offset to an extent that can appreciably reduce the resistance to
buckling. When squirm or buckling problems with simple bellows elements cannot be
avoided. the use of articulated bellows elements (fig. 9) is recommiended.

3.1.3.2.5 Quality Control

The quality of bellows elements and assemblics shall be consistently acceprable.
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1t is recommended that bellows elements, and parts to which they are joined, be designed
with accessibility for inspection as a primary consideration. When inspection for cleanliness

or defects is difficult or impossible, as in bellows with welded corrugations or multiple plies,

fabrication processing must be adequately controlled for quality assurance. Formal

packaging, handling, test, and installation procedures should be spec;fzed and implemented
to prevent mstailatlon ofa defectwe bellows in a flight actuater

3.1.3.3 BELLOWS SPRING CHARACTERISTICS

'A bellows actuator shall  function satisfactorily throughout the range éfﬁ
- ‘temperatures, temperature g?adzem‘s and temperature transients to WhlL’]’l itis-
exposed

Bellows elements should be des;gned for structural integrity throughout the temperature
range to which they are exposed, and it should be demonstrated that temperature-related
" ‘variations in mechanical spring force and spring rate do not adversely affect actuator
performance. When analysis or test reveals temperature-related spring-force or spring-rate
variations that result in failure of the actuator to comply with performance requirements,
- the- temperature -effect compensatlon techniques dlscussed m section 3.1.2.3.2 shou]d be
‘employed.” :

3.1.3.4 BELLOWS MATERIALS

Bellows materials shall not be affected adversely by msmﬁat:on storage z‘est and
operational conditions. ’

Factors that must be considered in the choice of material include heating during welding,
potential galvanic corrosion, stress corrosion, stress relaxation, thermal stability; chemical
compatibility, and cychc stresses. The use of stress-relief-annealed bellows elements_is
" recommended for minimizing potential weld-heating effects and for long-term retention of
the as-fabricated material properties. It is recommended that the use of 17-7PH for béllows
" be discontinued because of its susceptibility to long-term stress corrosion. Hydrogen
" embrittlement of 17- 7PH, and consequent drastic reduction in its cycie-hfe capai)ihty,
" eliminates this material from consideration when exposure to hyémgen is fequzreé Inconel
718 orits equivaient is a good’ chozce for most a;;phcatlens ‘

101



3.1.4 Solenoid and Torque-Motor Actuators

3.1.4.1 ELECTROMAGNETIC CIRCUITS

3.1.4.1.1 Materials

Electromagnetic-circuit materials shall be compatible with fluids or vapors 1o
which they may be exposed.

It is recommended that the design of electromagnetic circuits call for corrosion-resistant
ferromagnetic materials that do not require protective platings. If plating can be justified for
parts requiring special consideration in a circuit, design allowances must be made for
nonuniform plating thicknesses at internal and external corners or at other surface
discontinuities. Smooth machined finishes on exposed surfaces should be specified to
enhance corrosion resistance. Surfaces exposed to reactive fluids should be designed to
eliminate fissures or fluid traps that impair flushing or degrade corrosion resistance.

3.1.4.1.2 Eddy Currents
Eddy currents in a solenoid actuator shall not degrade speed of response.

When high-speed response is required, it is recommended that the center of the coil be
located as close to the working airgap as is structurally feasible. This location reduces the
time lag between a change in coil field strength and the resulting change in airgap flux, the
lag being due to induced eddy currents in the ferromagnetic material in the intervening flux
path. When high-speed response is required. and chemical-compatibility considerations
require the use of a ferromagnetic material that has a relatively high electrical conductivity,
use slotted parts in the flux path. The slots should be located to parallel the direction of the
fines of flux and thus infroduce electrical resistance to induced eddy currents in the
transverse direction.

3.1.4.1.3 Residual Magnetism

Residual magnetism in a solenoid actuator shall not adversely affeet deenergize
response.

As a general practice, it is recommended that each solenoid actuator in a nominal 28-volt
system be designed for positive deactuation, subsequent to actuation, at an impressed
voltage equal to or greater than 2 volts, as the impressed voltage is gradually reduced from
its maximum limit. The maximum limit on impressed voltage is the maximum steady-state
value resulting from voltage tolerances in the system power supply. If actuator working-load
forces that are not alwayvs present (e.g.. fluid pressure forees) assist deactuation, they should
not be applicd in tests intended to verify deactuation capability; if actuator working-load
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forces retard deactuation, they should be applied. This practice ensures positive deactuation,
subsequent to actuation, under checkout as well as operating conditions, in the presence of
maximum residual magnetism and with an allowance for signal-circuit leakage current in the
deenergized mode. The 2-volt deactuation limit is a rule-of-thumb value for 28-volt
space-flight solenoid actuators and is subject to revision on the basis of design requirements
for specific actuator and signal circuits. Systems operated at other voltage levels should be
analyzed to determine appropriate specification dropout levels. ‘

3.1.4.1.4 External Magnetic Fields

The strength of the external magnetic field produced by an electromagnetic
actuator shall be limited as required by system specifications.

Limits on the external magnetic field should be considered only to the extent that
performance of other components is affected. In situations wherein external-field limits are
specified, high-permeability enclosures of ferromagnetic materials may be required for
magnetic shielding. Coil voltage-surge suppression may be required for limiting transient
field strength. It is recommended that the need for iterative design and development effort
be minimized by an analysis of the magnetic field supported by comparison with existing
designs for which field-strength measurements have been obtained.

3.1.4.2 ELECTRICAL CIRCUITS
3.1.4.2.1 Voltage-Surge Suppression

Circuit designs to suppress deenergize voltage surge in solenoid actuators shall not
adversely affect functional or structural integrity of production units.

Incorporation of surge-suppression circuits in the solenoid actuator assembly is not
recommended for space-flight hardware. Any surge-suppression elements in an actuator
assembly must be capable of withstanding not only the operational temperature range, but
also the temperatures to which the elements will be subjected during the fabrication of the
coil assembly and welding for hermetic sealing. Capability for verifying coil insulation
resistance with high-voltage tests should be maintained. Surge-suppression design utilizing
diodes that require a polarity-sensitive coil assembly should not be used. If voltage-surge
suppression is required for protection of driving-circuit elements, it is recommended that
surge-suppression features be incorporated in the driving circuit.

3.1.4.2.2 Driving Circuit

The combination of solenoid actuator and driving circuit shall provide the
required dynamic response.
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Itas recommended that the required response characteristics for a solenoid actuator be
specificd in terms of response to voltuge step inputs. For design analysis and for testing,
determining the response to step inputs is convenient and provides the most meaningful
measure of respanse. The response to voltages throughout the tolerance range for applicd
voltages should be determined. so that nonlinearitics may be identified. Requirements for
the response of a solenoid actuator to step inputs should be based on the response of the
driving circuit to its inputs. Several iterations may be required in specifying actuator and
driving  circuit individual  requirements, performing  design  analyses and  preparing
prefiminary designs, redefining individual requirements, and so forth in arriving at a
successful hurdware desien,

2143 COiLs
2.1.4.3.1 Corrosion Protection

Solenoid and torque-motor coils shall nor be subject to chemical or galvanic
SIS

The most positive method for obtaining coil corrosion resistance is to enclose the coil in a
compartment, remove the air in the process of drying the compartment, fill it with an inert
pas.and seat it hermetically. True hermetic sealing requires the use of an electrical connector
in which contact-pin insulation is fused to the pin and to the connector shell, and all joints
must be welded or brazed. It is essentinl that the design specifications include detailed
specification of the procedures for drying, purging, gas filling, and completion of the seal
welding. Because the results of these eritical procedures cannot be determined by inspection
of a completed assembly, formal control of the procedures is required.

3.1.4.3.2 Coil-Wire Insulation
214321 Temperature Limitations

Coil insularion materials shall be suitable for the coil temperature range.
It i recommended that coilwire insulation materials for all applications be limited to
non-reactive plastics with known temperature ratings. The actuator assembly should be
tested to verify the adequacy of the insulation material in withstanding localized heating
under all operating conditions,
314322 Resistance and Diclectric Strength

Coil insulation in a complete coil assembly shall withstand the maximum
anticipated pransient voltage without degradation,

104




It is recommended that all elements of a solenoid coil assembly be designed for, and
acceptance tested with, conditions at least as severe as those discussed in section 2.1.4.3.2.2.
It is recommended further that each material thickness specification take into account the
thickness tolerances and the thinning effects resulting from coil-wire tension during coil
winding. Single-film-thickness coil-wire insulation should not be used unless such use can be
justified by limitations on coil space. Dielectric-strength test specifications should limit the
test duration to the minimum time required for efficient performance of these tests. It is
fecemmenéeé that dielectric-strength tests be performed only during acceptance testing of
new or overhauled components. All checkout and test procedures in which coil assemblies
are involved should be controlled carefully to prevent needless repetition of
dielectric-strength tests. ‘

3.1.4.3.3 Temperature-Effect Compensation

A coil assembly shall provide sufficient ampere-turns for operation at maximum
coil temperature and sufficient resistance to prevent excessive current drain at
minimum coil temperature.

It .is recommended that the coil design use only conventional copper magnet wire if
considerations of coil temperature, available space, and required response time permit. The
use of constantan wire in series with copper wire is recommended when the required
temperature range results in excessive current variation in an all-copper-wire coil.

3.1.4.3.4 Coil-Wire Extensions

Coil-wire extensions for attachment to an electrical connector shall withstand
yibration-induced flexing.

For coil-wire diameters smaller than 0.010 in. (254 um), extension wires with diameters of
at least 0.010 in. (254 um) should be welded to the coil-wire ends; exposed wire in the
vicinity of the welds should be covered by insulation sleeving; and the insulated welds
should be firmly secured to the coil by wrappings or bindings in a manner that restrains any
potential. motion of the smaller coil wire. Coil-wire extensions from the coil to the solder
joints at the electrical-connector pins should be enclosed in insulation sleeving, or should be
surrounded by potting compound, or should be otherwise supported and mechanically
restrained to prevent vibration-induced flexing of the extension wires. Procedures should
ensure that insulation at wire ends is stripped by thermal techniques only. When multistrand
extension wires are used, for greater wire flexibility, procedures should preclude use of wires
with damaged strands at exposed wire ends and ensure that attachments are made with all

strands active,
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3.144 ELECTRICAL CONNECTORS
3.1.4.4.1 Construction and Materials

Electrical connectors for solenoid actuators shall satisfy structural requirements as
well as system interface requirements,

An electrical-connector weld joint should be as far as possible from the connector-pin
insulation material. The connector-to-housing adapter section should be designed to permit
attachment of a metal mass to the connector as a heat sink during welding so that
temperatures and temperature gradients at the pin insulation are minimized. The actuator
and the connector should be designed to minimize heat transfer to the coil and to the
extension-wire insulation during welding,

Electrical-connector materials should be nonmagnetic and must be compatible with the
weld-joint requirements, including requirements for welding dissimilar metals, as the
nonmagnetic connector may be welded to a ferromagnetic easing. The 300-series CRES pins
are recommended over plated pins of alloye with lower electrical resistance when overall
distribution of electrical-system resistance permits.

It is recommended that each actuator with an electrical connector include provision for
lockwiring the mating harness or cable connector to the actuator. System assembly
specifications should include requirements for lockwiring all completed connector
attachments in a flight system,

The potential for errors in attaching electrical conduit connectors to control-system
operator and instrumentation connectors, and the consequences of such errors, should be
evaluated in determining the extent to which connectors in a system should be
noninterchangeable. Although lockwiring and noninterchangeability are primarily system
design  considerations,  their impact on component design should be anticipated in
componcnt preliminary-design activity,

3.1.4.4.2 Connector Breakdown

Electrical-connector pin arcing or flashoyer shall not endanger solenoid-actuator
Sunctional integrity,

Compliance with the requirements of this criterion emphasizes the need for the acceptance
tests recommended in section 3.1.4.3.2.2 so that units with marginal or deficient diclectric
strength can be detected and rejected during the manufacturing process. Obtaining and
maintaining adequate cleanliness of parts is mandatory.

Pure, dry nitrogen gas is the generally recommended fill gas for hermetically sealed
enclosures. When nitrogen is used, it is recommended that procedures be specified and
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implemented to ensure removal of all helium test gas and removal of all moisture prior to
final seal closure.

With sealed units, the effects of gas temperature on enclosed-gas pressure, and consequently
on gas dielectric strength, should be evaluated. When gas mixtures or gases other than
nitrogen are used, the consequent reduction in gas dielectric strength should be evaluated.
When high-potential tests of coil insulation are performed in the presence of a gas that is
different from the gas that is present under operating conditions, or when these tests are
performed with different gas conditions, the resultant variations in connector-pin dielectric
strength should be evaluated in determining the adequacy of the test.

When the insulation distance between connector pins or between pins and the connector
housing results in marginal dielectric strength, the use of internal potting compounds and
external compressible pin seals is recommended.

3.1.5 Snap-Action Actuators

3.1.5.1 REGENERATIVE-FORCE ACTUATORS

In snap-action actuators that utilize fluid pressures for generating actuation forces
as functions of actuator displacement, extraneous forces shall be accommodated
in complying with pressure setting requirements.

Satisfaction of this criterion requires accurate analysis of all forces participating in the
actuator force balance, and of the effects of design tolerances on those forces. In the design
concept of figure 12(a), friction forces are minimized with diaphragms for balancing
inlet-pressure forces and for signal-pressure sensing. Any difference between the effective
cross-sectional areas of the poppet inlet seat and the inlet-pressure force-balancing
diaphragm introduces an axial force that is proportional to the inlet pressure. The reference
spring is adjusted for actuation at a specified signal pressure with inlet pressure at its
nominal value. Tolerances on inlet pressure and tolerances affecting force-balancing areas
introduce extraneous forces affecting the actuator force balance and signal-pressure setting.
Retarding forces resulting from flow-related increases in vent-cavity pressure during the
actuation transient must be accounted for, and are minimized by minimizing vent flow
resistance. In the design concept of figure 12(b), the effects of O-ring friction on
signal-pressure setting are minimized by sizing the signal-pressure sensing piston so that
friction forces are a small percentage of the force required for actuation. Pressure in the
secondary actuation cavity, acting against the spool cross-sectional area, introduces an
actuation force as a function of leakage and supply pressure. Spool valve axial forces
resulting from flow and changes in flow are additional extraneous forces affecting the
actuation force balance. Extraneous axial forces at nominal supply pressure are
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accommadated by adjusting the reference spring with nominal supply pressure applicd. The
effects of talerances on supply pressure and variations in O-ring friction are fuctors to be
aceounted for in desiening for the required pressure-selting accurwy,

3.1.5.2 NEGATIVE-RATE-SPRING ACTUATORS

in acrtors with negative-spring-rate mechanival springs, spring contaet friction
and yariationrs in spring characteristics shall not affeet compliance with pressure.
sering regquiremenis,

Wihen repeatable HBellevillespring characteristios are required, it is recommended that the
springs he fubricated entirely by machining rather than by forming or by partiad forming.
Testing of cach spring &8 necessary for rejection of springs that comply with dimensional
specifications, but not with josd-deflection requirements, When precise control of the net
mechanical spring rate i required for precise control of the difference in forees required for
actuation and for deactuation, Belleville springs should have shim adjustment of the
instalivd height for spring-rate adiusiment a3 discossed and Blustrated in section 2.1.5.2. The
use of hardened, smoanthly finished spring support surfaces s recommended Tor minimizing
friction at spring contact surfaces.

3.1.6 Rotary Actuators

3.1.6.1 HYDRAULIC AND PNEUMATIC ACTUATORS

Actuation-fluid leakage and variations in that leakace shall renain within specificd
fimirs nnder all operating and rest comditions

Satisfaction of this ¢riterion requires examination of the effects of pressures, temperatures,
and rotor angular displacement, and of transients in these parameters, on actuation-fluid
feakape, The desipn reguirements for 3 hydronlic or pneumadic rotary actuntor should
include limits for varistions in feakape in addition to o maximum feakage Himit so that
effective control of response can be achieved. Design of an actuator that saticfies all
environmental and performance requirements may require a number of iterations in the
process of establishing acceptable operational and leakage flowrates and optimizing the
desien requirements for the svstem, the operator, and the actuator,

3.1.6.2 ELECTRIC-MOTOR ACTUATORS

Flectric-motor  performance and  structural integrity shall remain within
acceptable limits under all storage, test, and operational conditions.
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‘Requirements for specific operational characteristics and design features for an

electric-motor assembly must be coordinated closely with overall system requirements and
with the requirements of the device that will be positioned or powered by the motor. In
many applications, e.g., in motor-actuated valves for cryogenic fluids or for hot gases, the
need for standoff attachment posts and thermal insulation barriers must be evaluated, and
heat transfer to or from a motor must be accommodated.

It is essential that electric-motor assemblies, including instrumentation, be enclosed in sealed
housings or containers fabricated with corrosion-resistant materials, so that a dry inert
internal environment is maintained.

The high vibration levels associated with space—ﬁight service require careful attentien to the

~design of motor mounts and supports so that vibration amphﬁcatmn at a motor is

minimized. The use of preloaded or spring-loaded angular contact bearings is recommended
for minimizing vibration-induced oscillatory relative motion between the rotor and the
stator in larger motors. Close-clearance journals and sleeve bearings must be designed to
accommodate extensive cyclic relative motion. The design pracnces for solenoid actuators

(sec. 3.1.4) generally are applicable to electric motors, allowances being made for

differences in configurations.
3.1.6.2.1 Redundant-Electric-Motor Actuators

Installation of a redundant motor shall not result in reduction of magnetic field
strength or degradation of adjacent motor performance. o

The use of nonmagnetic housings is recommended. Motor installations should be designed to
permit assembly of the rotor and the armature prior to removal of magnetic keepers.
Redundant motors should be spaced sufficiently far apart to preclude interference in the

magnetic fields. M&gnet north and south poles should be onented by mech&nzcai design
features that preclude incorrect installation.

7

3.2 OPERATOR CONFIGURATIONS

3.2.1 Pilot Valves

3.2.1.1 EFFECTIVE FLOW AREA
Pilot-valve fluid flow resistance shall not impede control of actuator response.

A moderately oversized effective flow area and provision for a replaceable orifice in the
valve assembly or in the valve-and-actuater circuit is recommendeé Th;s practice allows
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trimming the overall system flow resistunce when accurate actuator response-time control is
required. In addition, it is recommended that pilot-valve fabrication and assembly tolerances
be controlied to maintain the effective flow area of production valves within a tolerance
band that i< consistent with the use of precision orifices (sec. 3.1.1.2.1)

3.2.1.2 POSITIVE ACTUATION

Pilot-valve actuation shall be sufficiently positive and chatter-free to preclude
adverse effeets on system dynamics.

Prediction of pilotvalve forces should be based on analysis of dynamic as well as
steadyv-state flow and pressure distributions. In the design of pressure-actuated pilot valves,
potential inferaction between valve displucement and the sipnal prossure, a8 sensed internally
by the valve actuator, must be evalusted. The use of snap-action actuator concepls is
recommended for pressure-actuated pilot valves whenever the required differential between
actuation prossure and deactuation pressure can be tolerated in system operation.

3.2.1.3 RESPONSE TO PRESSURE TRANSIENTS

Opcration of a pressure-actuated pilot valve shall remain within set pressure limits
throughout the range of applicd pressure rates of change,

A pilot valve and its actuator should he close coupled to the sensed-pressure location, and
intermediate flow restriction and capacitance should be held to a minimum. When more
than one actuation surface is exposed to signal pressures, the effects of pressure transients
acting on each surface must be recognized. In the desizn of hydraulic systoms as well as
pncumatic systems. make allowances for fluid-flow and compressibility effects when relating
dynamic forces acting on the pilot valye 1o frunsients in sensed pressure, Dynamic analysis
and tests should verify that actuation will occur within the specified sensed-pressure range
when the sensed pressure is changing at its minimum or at its maximum rate.

3.2.1.4 STAGNANT-FLUID TEMPERATURE

Localized remperature effects on stagnant fluid in a pilot valve and its actuator
shall not degrade performancee,

It is recommended that preliminary design activity include heat-transfer analysis to the
extent that temperature extremes of the pilotvalve fluid are known and are provided for
under all valve exposure conditions. Thermal problems are especially  significant in
tight-shutoff hyvdraulic pilof valves designed as separate assemblies. When heat transfer to or



from a pilot valve can result in fluid temperatures exceeding allowable limits, relocate the
valve, or insulate it, or otherwise minimize heat transfer.

3.2.1.5 CONTAMINATION

Protection against contaminants in a pilot valve shall not result in contaminant
traps. '

When filters are included in a pilot valve assembly for protection against contaminants, it is
recommended that their use be limited to ports through which valve inflow occurs in normal
operation. It is also recommended that passages and ports for unidirectional fluid outflow
be designed to facilitate contaminant outflow. Section 3.1.1.2.3 is generally applicable to
pilot valves as well as o flow restrictors.

3.2.2 Servovalves

3.2.2.1 FLOW GAIN

Servovalve flow/displacement characteristics shall satisfy system requirements for
speed of response as well as requirements for quiescent steady-state operation.

It is recommended that the nonlinear flow/displacement characteristics of a servovalve,
inherent or deliberately contoured, be evaluated in the analysis and design of any proposed
closed-loop actuation system. It is recommended further that evaluation of the
flow/displacement characteristics and their effects on actuator displacement response be
accompanied by evaluation of the pressure/displacement characteristics near the servovalve
neutral position and their effects on system response to actuator load changes. As the
flow/displacement and pressure/displacement characteristics of a servovalve are interrelated,
the design criterion of this section and the design criterion of section 3.2.2.2 are also
interrelated, and both must be satisfied within the same design.

3.2.2.2 PRESSURE GAIN
Servovalve pressure/displacement characteristics shall satisfy system requirements
for system load stiffness as well as requirements for quiescent steady-state

operation.

This criterion and the criterion of section 3.2.2.1 must be satisfied concurrently to obtain a
successful design. It is recommended that design evaluation be based on realistic nonlinear
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characteristios, allowance being made for the effects of desipn tolerances, rather than on
idcalized characteristics that frequently are misleading in analyzing system performance.

3.2.2.3 FLUID-FLOW DYNAMIC FORCES

Fhetd-fleosw reaction: forees geting on g servovalve shall be gocommeadated in
nirintaining dynamically stable aperation.

Satisfyving this criterion requires detailed anadysis of the fluid-flow dynamics associated with
a servovalve design under sl steadystate and transient operating conditions. B is
recommended that servovalves be desiened so that any unbabimced fow-reaction forces act
in the direction of dyvnamic damping of valve displacement oscillations.

3.2.2.4 SPOOL/SLEEVE MATERIALS AND FINISHES

Murerich, hardnesces, and surface finishes for a spool valve and marching steeve
shall preclude surfuce or metering-edee damage av g result of storage, handling, or
service expasure fo environmental or operatiomal fluids and fluid contanminanis.

The use of fully hardened 4400 CRES is recommended for spool valves and slecves except
for those apphications wherein high femperatures or chemical incompatibility precludes use
of this material, With 4300 CRES, sl spool and sleeve surfuces should be free of muchining
marks or scratches, and all surfaces should have g fabkh of 16 g in, (8406 gmy AA or
smonther, Beoatse smooth surfaces are esseatiad in obtaining corrosion resisfance. g 16 g in
{0,406 pmy AA finish, or smoother, should be specified for ol surfaces including those of
through holes and flow passages,

3.2.25 SPOOL/SLEEVE CLEARANCES

Spool’sleeve dlearances shall remain within alloseable limits under all test and

operating conditions

Posien specifications controlling spool-tosieeve dinmetral clearunce should be based on an
evaluation of the importance of leakage relulive 1o susceptibility to distortion aswell as on
the necd for preciee control of functionsl characteristics. Spools and sleeves must he
sufficiently rigid 1o preclude spoolvalve binding as o result of strains associated with
installation forees and pressure forces under alb test and operating conditions. Sleeve
housings shoukd be desionced to minimize thermal gradients or housing strain at the sleeve
focations Filtration requirements should be based primarily on successtul experience with
siniLer apphcations under the full runge of test, operation, and service-life conditions,
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3.2.2.6 RELIABILITY ’ ;

Servovalves and actuators shall satisfy system reliability requirements and

component functional requirements.
Specifications on servovalve size, weight, electrical input power, leakage, and frequency
response should be based on an assessment of their importance relative to reliability.
Reliability should not be compromised for size and weight reductions of secondary
importance. Input-power limitations should be based on the capabilities of modern
electronics in obtaining signal level ranges that extend well beyond system noise levels.
Design specifications for servovalve frequency response should be related to the
actuation-system needs so that torque motor size and the inertia of moving parts will not be
restricted needlessly. Consideration of mechanical-feedback servoactuators requires system
dynamic analysis that accounts for torque-motor and servovalve time lags, phase lags,
hysteresis, and accuracy limitations. Consideration of redundancy requires systern
evaluations beyond the scope of this monograph.

3.2.3 Pressure Dividers

3.2.3.1 TEMPERATURE-EFFECT COMPENSATION

A pneumatic pressure divider shall comply with all performance requirements
throughout the range of temperatures and temperature transients to which it is
exposed.

It is recommended that design analysis of pneumatic pressure dividers take into account the
effects of temperature distributions and heat transfer on calibration accuracy. When
temperature-effect compensation is required, the design techniques in section 2.2.3.1 are
recommended. Figure 16 illustrates fundamental concepts that can be adapted as required
for specific hardware configurations.

3.2.3.2 FLOW-RESTRICTOR CONFIGURATION

The flow-restrictor configuration shall have no adverse effect on pressure-divider
calibration throughout the range of operating pressures and flowrates.

Flow restrictors with Sharp-edged throat sections are recommended. However, if a
pneumatic pressure divider is reqmred to operate through a range of operating conditions,
the inlet flow restrictor may .experience subsonic flow if sharp-edged orifices are used. In
this event, a sharp-edged conical flow restrictor should be used to extend the choked-flow
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range. The use of converging-diverging flow restrictors to extend the choked-flow range is
not recommended for applications with a wide range of inlet pressures, because of
pressure-level effects on flow-throat boundary layers that form upstream from and extend
through the throat. The practices in section 3.1.1.2.1 are applicable to all flow restrictors.

3.3 SEALS FOR ACTUATORS AND OPERATORS

3.3.1 General Considerations

3.3.1.1 COMPATIBILITY WITH FLUIDS

Seal materials shall be chemically compatible with all fluids to which they may he
exposed

Compatibilify problems resulting from seal and hubricant exposure to cleaning. flushing, and
test fluids emphasize the necessity for complete and detailed specification of processing,
installation, test, and servicing procedurces as part of the design process In bipropetiant
systems, when a seal material is compatible with one propelant and not with the other, 2
seal should be desipned so that it cannot be installed inadvertently in 3 component in which
the seal could be exposed fo a fluid with which it is not compatible. Cross-compatibility
problems with elastomer seals usually can be chiminated by the use of metal seals, Teflon
seals, or Teflon-ronted metal seals,

3.3.1.2 LEAKAGE MEASUREMENT

Seal justallation ghall satisfy Ieakage testing requirements as well av funetional
requircments.

Desipn activity should include, or be closely coordinated with, the specification of test
sctups and procedures for determining leakage as well as the specification of allovable
feakage Himits, When leakage through a specific static or dynamic seal 15 a critical design
factor, desipgn features for convenient and accurate measurement of that leakage should be
provided. The use of dual seals with intermediate tapoff ports for leakage measurement is
recommended for eritical seal applications wherever feasible within design envelope
constraints. When direct leakage meassurements are not feasible, actuator and operator
assembly design should be related closely to the design of adapters and test fixtures so that
feakare through individual seals can be isolated and keakape measurement accuracy will be
commensurate with specified seal leakape limits, It is recommended that progressively
greater seal leakage limits or tolerances be specified for new component tests, for engine or



vehicle system tests, and for postservice tests to allow for differences in test eciuzpment and
for anticipated normal seal wear.

3.3.1.3 SEEPAGE AT LOW bEFFERENTEAL PRESSURE

Actuator and operator seals shall maintain leakage ws‘sz‘n‘ allowable limits at the’
minimum pressure differential applied during pressurized storage and system
standby as well as at z‘f’ze maximum pressure d;ffes‘em‘saf applied during opemz‘zen
or test. :

It is recommended that all seals for applications requiring essentially zero leakage be
designed with special consideration of long-term seepage under minimum pressure
conditions. Seals and seal installations should be designed to maintain adequate installed
load for seepage sealing, with no more than static head pressure applied, throughout the
test, storage, and operational life of a component. The details for successful seal design are
presented in reference 147.

3.3.1.4 INADVERTENT CONTACT SEALING

Mechanical position stops shall not at any time impede flow of actuation fluid to
the full effective area of the piston.

An actuator like that in figure 18 should be designed with generous cutout sections or ports
in the piston skirt or in the housing to provide flow passages through or around the contact
surfaces of the position stop.

3.3.2 Dynamic Seals

3.3.2.1 SEAL CONTACT SURFACES ,
Contact surfaces shall not impair the mechanical integrity of dynamic seals.

Specification of surface roughness in the range of 16 to 32 uin. (0.406 t0 0.812 um) AA is
generally recommended for surfaces in dynamic contact with seals. The specified surface
finish must be consistent with the requirements of specific seal configurations. Although a
single-value specification on a drawing usually is sufficient, a minimum as well as a
maximum surface roughness should be specified if the manufacturing process for a specific
part can result in a surface that is too smooth.
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Surfaces in dynamic contact with seals should be specified by drawing notes as sealing
surfaces that must be free of nicks, scratches, and asperities that are acceptable under the
ASA specification (ref. 148) for surfuce texture but still result in unacceptable leakage. The
use of abrasive materials or surface coatings such as oxides and carbides should be avoided
for surfaces in dynamic contact with seals

Plastic seals with low coefficients of friction are recommended in preference to elastomeric
seals for minimizing adherence problems when exposure to flushing fluids, operating fluids,
or long-term storage results in poor or unreliable tubrication.

3.3.2.2 LIP SEALS FOR CRYOGENICS

Lip seals for eryvogenics shall accommodate the maximum applicd differential
pressure withour damage or excessive leakage.,

The simple desien concept illustrated in figure 19 is recommended for applications within its
pressure limitations. For nominal operating pressures greater than 500 psi (3.45 MN/m?),
the concept of figure 20(a) is recommended: for nominal operating pressures greater than
1500 psi (10.3 MN'm?), the concept of figure 20(b) is recommended. When seal
configurations or applications differ appreciably from designs with which there is experience
and application data. seal material thicknesses and dimensions for seals and seal retaining
details should be optimized by iterative design and development effort.

3.3.2.3 WIPER SEALS
A wiper seal shall shield a dynamie seal from direct exposure to contamination.

The use of a wiper seal is recommended when component and system design features,
process specifications, and procedural controls do not ensure cleanliness in the seal
environment. Fxternal environments generally are considered as uncontrolled sources of
contamination. as arc actuator cavities exposed to unfiltered fluids. Any actuator cavity
containing elements with metal-to-metal relative motion that may generate particles should
be considered as an uncontrolled source of contamination.

A lip seal with an interference fit on the movable element that contacts a dynamic seal is the

recommended wiper-seal configuration. Acceptable seal configurations are illustrated in
figures 19 and 20.
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333 Static Seals

3.3.3.1 SEAL COMPRESSION FORCES

Seal compression forces shall be sufficiently uniform to efs’mi;vzaz‘e:iiszégcepzﬁéfe
. leakage caused by distortion of seals or seal-retaining surfaces.

Satisfaction of this criterion requires careful design of seal-retaining parts on the basis of
their rigidity. Assembly procedures specific to the individual design must be controlled to.
minimize distortion resulting from uneven distribution of load as fasteners are tightened.
The number and size of fasteners must be adequate for the required seal loads, due
allowance being made for potential inequalities in fastener loads during installation.

3.3.3.2 SEAL CONTACT SURFACES

Sasrface foagkness af pas'z‘s in con‘facz‘ wsz‘fz static seals S}zaff noz‘ degfade sezsimg ‘
: f&g}aézktzes :

It is re{:{;mmendeé that drawmgs zdeﬁtafy all Seai contact surfaces. M&chmmg—r@ughness
syﬁ;bals for sealing surfaces should be accemp&meé by a note specifying that those surfaces
be free of nicks, scratches, or asperities. Drawings should also specify the use of protective
covers for parts with sealing surfaces to minimize potential handling damage. -

3.3.4 Seal Welds

3,3.4.’!‘ PROVISIONS FOR PRELIMINARY TESTING

T }ze dessgﬁ of an acfum‘er or Gpes'az‘er with seal-welded ;omz‘ seams or wsz‘}z wefded
pIamE}sng connections shall provide for convenient preliminary z‘esrmg prso; z‘{}
welding.

It is recommended that actuators and operators requiring seal welding be designed for the
use of temporary plumbing connections and temporary static seals for convenient
preliminary testing. The use of tubing stub-outs as integral parts of heusmgs is
recommended; plumbing weld joints thus will be kept at a sufficient distance from the
housing to eliminate problems resulting from heat transfer to an assembled unit during
welding. Dimensions, tolerances, and surface finish for the outside diameter of each stub-out
should be selected and specified so that standard O-rings can be used in slip-on fittings for
temporary plumbing connections. All seal-welded external joints should be designed to
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permit the use of standard O-rings or plastic static seals for preliminary testing, If static seals
are left in place during seal welding, they must be resistant to welding heat and compatible
with the fluids 1o be used,

3.3.4.2 PROVISIONS FOR DISASSEMBLY AND REASSEMBLY

Dusien of g sealwelded joint shall provide for remeaval qud reuse in disassennhlv
and reassenmhly,

it s recommended that sealwelded assembly joints be desioned so that structural loads,
including differential expansion or contraction loads. are mechanically supported and
restrained so that weld seams with minimum  penetration can be used. In addition,
seal-welded joints should be designed to provide sufficient materiad, accessible for weldseam
removal by machining. to permit disassembly and reassembly at feast several times. Figure
30 iHustrates @ sealwelded diaphragm actuator. Structural loads are supported by a screw
thread. a Heht seal weld i specified, the joint & accessible for machining, and cenough
material is provided for approximately five weld-removal-and-reweld operations.
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3.4 MECHANICAL TRANSMISSION

3.4.1 Common Problems

3.4.1.1 MOISTURE IN VENTED CAVITIES

Adverse environmental conditions shall nop degrade functioning of relicf valves
for getnaror veuted cavities



Previously qualified vent port relief valves with demonstrated capabilities for the intended
conditions should be used in new actuator designs. Vent port relief valves should be installed
in an actuator assembly in a manner that minimizes the potential for moisture accumulation
near the relief valve. Reference 150 provides specific design details. The vent port relief
valve in an actuator assembly should be located where exposure to accidental collision
damage is a minimum.

3.4.1.2 FASTENER RETENTION

Fasteners in a mechanism for the transmission of actuator power shall not loosen
or disengage. ’

Self-locking nuts and self-locking tapped bolthole inserts that rely on mechanical
interference of distorted threads are the recommended fastener-locking devices for
power-transmission elements. The torque required for developing the nut or bolt clamping
force should be specified on an assembly drawing as a torque value to be applied in addition
to the torque required for rotation against the thread interference (e.g., “Secure nut with 50
in.-1b. (5.65 N-m) torque in excess of the required running torque.”) The use of shoulder
bolts with self-locking nuts is recommended in preference to linkage pins with snap-ring
retainers. The use of scrubbing-contact setscrews is strongly discouraged. Staking of
fasteners is unacceptable. Wherever feasible, parts surrounding fasteners in a completed
assembly should be designed to limit disengagement of a fastener.

3.4.1.3 GUIDES
3.4.1.3.1 Materials and Configurations

34.1.3.1.1 Nonmetal Guides

Friction forces at sliding contact surfaces in an assembly for the transmission of
actuator linear motion shall remain within acceptable limits.

it is recommended that elastic or plastic seals and bushings be used wherever feasible to
minimize metal-to-metal sliding contact. Rod or shaft materials that are heat treated for
hardness are recommended; these materials minimize surface damage should metal-to-metal
contact occur and provide maximum sfrength to withstand loads under fast acceleration or
impact.

3.4.1.3.1.2 Metal-to-Metal Guides

Metal-to-metal relative motion in an actuator assembly shall not damage the
surfaces involved.
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1t is recommended that actuators and their transmission elements be designed so that
surfices exposed to metal-to-metal relative motion will not enter into contact with dynamic
seals. Transmission elements and their guides must be made from materials that are
compatible with the anticipated environments and service fluids. In addition, the selected
material combinations must be resistant to wear, abrasion, and galling. Linkage elements
should be made from materials that are heat treated for hardness or are coated with a hard
material. Guides should be made from material with good bearing propertics (e.g.
aluminum-bronze) if it is compatible with the service environment and fluid.

34 1.3 1.3 Flexure Guides

Flexure guides in an assembly for the transmission of actuator linear motion shull
have sufticient Jateral and angular stiffuess and axial flexibility 10 minimize the
effects of misalienment or sliding contact.

The use of metal flexure guides or supports is recommended for minimizing lateral forces
and maintaining alienment of moving elements in short-stroke actuator applications when
metal-to-metal relative motion, friction forces, vibration, or misalignment are design
problems. The use of flexure guides as short-stroke antirotation devices also s
recommended. Metal flexure guides should be designed for minimum mechanical spring
rates in the axial direction: this practice will minimize the guide contribution to the
axial-direction force balance and. consequently, will reduce its potential for impeding
actuation or deactuation. Metal flexure guides should be designed for fateral and angular
mechanical spring rates that are great enough to oppose significant radial or rotational
displacement under operational conditions in acceleration and vibration environmoents,

3.4.1.3.2 iengths and Clearances

Lincar motion actuator guides shall nor bind, score, or chatter under any
opcrating condition.

To ensure constancy of the intended guide fength under all operational conditions, general
design practices for puide length-to-diameter ratios must be supplemented by analysic of all
dimensions and dimensional tolerances affecting angularity at sliding contact surfaces in a
complete assembly. When guiding occurs on nonmetal dynamic seals or guide inserts, the
desien analysis must allow for deflection, distortion, or wear of nonmetsl parts in
determining the potential for metal-to-metal sliding contact. If metal-to-metal contact can
oceur. contacting metallic materials should be selected for maximum resistance to SCOTIing or
galling. and leading edges should be rounded or chamfered to eliminate cutting edges. The
number of parts and dimensions affecting elearances. normalities, and eccentricities should
be minimized. Transient and steady-state temperature distributions under all test conditions
and all operating conditions must be accommodated.
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3.5 INSTRUMENTATION FOR ACTUATORS AND OPERATORS

3.5.1 General Requirements

3.5.1.1 ISOLATION OF FUNCTIONAL INSTRUMENTATION
Failure of monitoring instrumentation shall not interfere with system operation.

The functional and the monitoring instrumentation subsystems and all corresponding
components within each subsystem should be completely independent of each other. In the
case of actuator position-indicating switches, two position-sensing electrical switches with
independent power supplies, independent wiring, and independent output circuits should be
used. The two switches can be in a single subassembly with a common position-sensing input
member, provided that a mechanical malfunction of the monitoring sw1tch does not uzzpede
operation of the fuﬁctional switch.

3.5.1.2 SAFE FAILURE MODES

System functioning shall be independent of sz‘rs,scz‘simf or opemz‘;sssaf failure of an
instrument. »

When a pressure-sensing device such as an operator-supply-pressure transducer is installed in
the operator assembly, the device should be provided with an orifice that will limit fluid
outflow in the event of an internal structural failure, e.g., rupture of a pressure-sensing
diaphragm. A position-indicating device such as an actuator position indicator should be
designed to include a shear pin or an over-travel mechanism so that 3ctﬁat0r motian will not
be impeded by an operational failure of the device.

3.5.1.3 ELECTRICAL CONNECTORS

Electrical connectors for instrumentation shall satisfy structural requirements and
system interface requirements.

Except for the use of flanged joints in place of welded seams, recommended practices of
section 3.1.4.4.1 for solenoid-actuator electrical connectors are applicable to
instrumentation connectors. Instrumentation electrical connectors for position-indicating
switches in an actuator assembly should be attached as sealed closures for a vented cavity
within the assembly. Vent port relief valves should be used to protect the vented cavity
from entry of moisture from the actuator external environment and from inadvertent
pressurization.
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35.1.4 ACCESSIBILITY

Test as well ax flicht instriomentation shall be accessible for instatlation,
calibration, aud servicing,

It is recommended that the needs for checkout and test instrumentation as well as for flight
instrumentation be investigated  thoroughly during preliminary design activities. It is
essential that instrumentation be accessible at the system level as well as at the component
fevel

3.5.2 Pressure Measurement

35.2.1 PRESSURE-SENSING LOCATIONS

The locations for measurement of actuator internal pressures shall not result in
erroncous data,

Avoid indirect measurements. Locate pressure taps in the actuator housing for direct
measurement of internal pressures. If actuator pressure taps for attachment of test
instrumentation are deemed undesirable in flight hardware. the hardware should be designed
to permit inclusion of pressure taps in units selected for development testing or for
performance-analysis testing,

35.2.2 TEST-INSTRUMENTATION EFFECTS

Pressurc-sensing instrumentation for ground test shall not affect the eriticgl time
constants of an operatorfactuator design.

Test instrumentation should be selected. installed, and primed if necessary, so that the
increase in volume or the increase in elasticity at the sensed-pressure location does not result
in system performance under test or checkout conditions that is sipnificantly different from
system performance under flight operating conditions. For dynamic tests, it may be
necessary ta remove or deactivate instrumentation (e.g.. pressure gauges) installed for
mensurements under static-test conditions. This criterion is satisfied best by formal
specification and control of test setups, instrumentation, and procedures based on analysis
of test-instrumentation effects.

3.5.2.3 FLIGHT-INSTRUMENTATION EFFECTS
Actuatars and operators for systems that include pressure-measuring  flight

mstrumentation shall eliminate or accommodate instrumentation effects that tend
113 degrade dyvnamic perfornumee,
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Pressure-measuring flight instrumentation should be close-coupled to the volume in which
pressure is to be sensed and should be designed for negligible sensing-element displacement.
If a pressure-sensing instrument must be located at a distance from an actuator and operator
functional system, time lags in instrument response must be accommodated. In an hydraulic
system, time lags resulting from compressibility of trapped gases in a sensing line can be
minimized or eliminated by a circulation flow that automatically primes the sensing line.

3.5.2.4 PRESSURE-TRANSIENT EFFECTS

Operation of pressure-sensing instrumentation shall remain within accuracy
tolerances throughout the range of rate of change of applied pressure.

This criterion is satisfied best by close-coupling the pressure-sensing instruments to the
sensed-pressure locations. In hydraulic systems, pressure-sensing flight instrumentation can
be mounted remotely from sensed-pressure locations if the signal lines are self-priming.

3.5.3 Position Indication

3.5.3.1 BACKLASH AND HYSTERESIS

A position-indicating device for closed-loop control, and its attachment to the
actuator, shall be free from excessive deadband or hysteresis.

The recommended practice is to attach the position-indicating device directly to the
actuator piston or rotor or to a linkage member that is attached to the piston or rotor with
no mechanical backlash or flexibility in the linkage. Backlash as a result of mechanical
clearance in the attachment should be minimized or eliminated. Hysteresis as a result of
attachment flexibility that may be required for alignment should be minimized or
eliminated. If the position-indicating device must be attached to an actuator linkage member
with mechanical backlash or flexibility between that member and the actuator piston or
rotor, the linkage backlash and flexibility should be minimized, and must be considered as
attachment clearance and flexibility. This criterion is satisfied only if the sum of the
- mechanical clearances in the attachment method and the deadband within the indicating
device and the sum of attachment hysteresis and indicating-device hysteresis are both within
the limits allowed for the combination of actuator and position indicator.

3.5.3.2 ATTACHMENT MECHANICAL INTEGRITY
The mechanism attaching a position-indicating device to an actuator or actuator

linkage shall maintain a controlled relation between the indicator and the actuator
under all operating conditions.
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The attachment mechanism should be designed to maintain its original configuration under
the extremes of actuator acceleration, shock, vibration, and pressure transients. Recoverable
deflections within elastic limits are evaluated with respect to the design criterion of section
3.5.3.1; this criterion applics to nonrecoverable deformations. loosening of fasteners. and
failure of force-bias springs in preventing backlash. It is recommended that the design of
each attachment mechanism be based on an analysis of the applied transient forces. taking
into account the inertia forces at maximum actuator acceleration and at maximum shock
and vibration inputs (including shock and vibration amplification at the indicator), the
momentum forces when the actuator piston reaches a mechanical stop at maximum
velocity, pressure forees resulting from dashpot effects at maximum velocity, and the ferces
resulting from static and dynamic friction.

3.5.3.3 POSITION-INDICATOR RELIABII {TY

Position-indicating  devices and instrumentation systems shall satisfy system
reliability requirements as well as actuator functional requirements.

When actuator position indication, on-off or continuous, 15 a functional requirement for
system operation. relisbility considerations must be given equal priority with functional
considerations. Reliability should not be compromised by overly conservative specification
of functional requirements or by arbitrary limitations on envelope and weight. Alternate
concepts for position indicators should be evaluated in selecting the most reliable concept
that satisfies realistic functional requirements.

When actuator position indication is required for checkout or test purposes only, it is
recommended that actuation systems be designed for convenient attachment and removal of
test instrumentation. The reliability of flight hardware assemblies should not be
compromised by the inclusion of instrumentation or instrumentation attachment features
not required for flight operation.

3.5.4 Temperature Measurement

Temperature-monitoring instrumentation  shall - measure actual  temperature
distributions in the hardware,

It is recommended that all component development testing to obtain thermal-effect
information he performed with thermocouples in intimate contact with the test specimens.
For actuator assemblics with large metal masses. exploratory tests with thermocouples
attached to internal parts are useful in determining the time duration, under controlled test
conditions, for temperature stabilization. For production unit thermal-environment tests,
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specific locations and methods of attachment for test specimen thermocouples should be
specified for obtaining hardware temperature data. As an alternate, test setups, test
conditions, and a minimum elapsed time for temperature stabilization should be SpBleied
specifications being based on prior development test experience.

3.6.5 V'ihratién;Test Measurement

Each actuator and operator shall accommodate the attachment of accelerometers.

The design configuration should permit the simple temporary attachment of accelerometers
at locations where maximum vibration amplitudes are anticipated. Otherwise, mounting
pads should be provided to permit drilling and tapping for attaching accelerometers to units
selected for vibration testing. Accelerometer locations and attachment methods should be
specified and controlled to preclude their altering the vibration-response characteristics of
systems with small spring mass. :
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Term

sactuator

. anodize

articulated - -

Belleville spring

bellows

chatter

closed loop

:coil clash :

Coulomb damping

cryogenic

diaphragm

digital

elastomer

ferromagnetic

GLOSSARY .

Definition

any device that converts hydraulic, pneumatic, electrical, or potential
energy into mechanical motion

produce a protective " oxide film on a metal (usually Al by
electrochemical means

segmented or jointed

truncated, conical, metal spring washer that can be designed to provide
a negatz\fe mechanical sprmg rate

thm-wali c;rcumfereﬁtfaﬂy corragated cylinder that can be elongated
or compressed longitudinally

répid uncontrolled seating and unseating

an electrical or mechanical system in which the output is compared

with the input command signal, and any discrepancy between the two
results in corrective action by the system elements

contact of adjacent coils s helical spring is compressed

dry-friction damping; friction force is constant in magnitude but always

. directed opposite to the velocity

fluids or coriéitians at low temperatures, usually at or below -150°C
(123K) ‘

thin dividing membrane that can ‘be used as a seal to prevent fluid

leakage and as an actuator to transform an applied pressure to linear
“force ‘

operating in discrete increments
polymeric material that at room temperature can be stretched to at
least twice its original length and upon release of stress will return

quickly to approximately its original length

of or relating to mateiials that readily provide a conductive path for
magnetic flux and that can be atiracted by a magnet

137



Term

free height
gamma
hermetic
hi-pot test
hydraulic
frerative

modulating
negative spring rate
nonmadulating
normal positions
on-off

open lonp
operator
overstroke

permeance

pilot valve

plastic

Befinition
height of a spring in the free {unloaded) condition
unit of magnetic induction: 1 gamma = 10°* gauss
poeumatically leak tight
diclectric-strength test performed at a high electric potential
a system or device using a liquid as the operating fluid
proceeding in a step-bystep repetitive manner

the controlled variable (ow, pressure, or position) is proportional to a
sensed parameter and is infinitely variable within the regulated range

change of mechanical spring force per unit of deflection in a flexure
element with the characteristic that an increase in deflection is
accompanied by a decrease in flexure force opposing deflection

the controlled variable (low, pressure, ete ) eveles between limits

positions assumed by the elements in a component when no operating
forces are applied

a system or device in which fullstroke actuation or deactuation oceurs
in response to input signals

an electrical or mechanical system in which the response of the output
to the input is scheduled or preset; there is no feedback of the output
for comparison and corrective adjustment

any device that causes an actuator fo funetion

displacement of 3 component that exceeds the maximum allowable

ratio of magnetic flux 1o magnetomotive force in a flux path

an on-off operator that amplifics a low-power control signal to cause
full-stroke displacement of an actuator

high-moleculir-weight material that, although hard or firm in its
finished state, at some stage in its manufacture is soft enough to be
formed through application of heat or pressure or both



Term

?ieﬁuni

pneumatic

primed
IesSponse

restrictor

safe operating pressure

seal weld

servoﬁaive
solenoid
solid height
spring rate

torque motor

Symbol
A

AA
Al, A2
CA

emf

Definition

enclosed volume in a pneumatic system or device for the purpose of
providing gas storage capacity

a system or device using a gas as the operating fluid

condition wherein an hydraulic system or device is completely filled
with fluid R

capability of a valve to achieve 63 percent of a signaled position with
minimum time delay

discrete flow resistance in a fluid flow passage; usually an orifice
maximum operating pressure without shield for personnel safety

weld seam with the primary function of sealing against fluid leakage

. modulating operator that .amplifies a low-power control signal for

variable-displacement, closed-loop control of actuator position

helically wound coil of insulated wire that when conducting electricity
excites a magnetic field that actuates a movable core

height of a spring compressed to the point where no further
compression is possible

change of mechanical spring force per unit of deflection in a flexure

- glement

electromagnetic actuator with an angular displacement output

Definition

area

arithmetic average

any two separate but related areas

“effective flow area ~ C

circular mil foot

force
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Symbnd

PA PB.PC
PD

PR

amb

app
sig
P, P2
R

Ry
s
S,onic
T

TIR

v

Vi, V2

=

X

D finition
acceleration due to praviny

ratio of gas specific heat at constant pressure 1o specific heat at
constant volume

prossure
primary, secondary, and tertiary actuation pressure
pressure at prossure switch

felurn pressure

supply pressure: alse, sensed prossure

ambient pressure

applied pressure

signal pressure

any two separate but related prossures

specific gas constant: alse, electrical resistance
electrical resistance at a specified temperature

TOOL MCan square

gas flow parameter {figs. 26 and 273

femperature

total indicated runout

volume

any 1wo separate but related volumes

lincar displacement

temperature cocfficient of redistance

fime constant R
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Material'
{designation in monograph)

A286
AM-350
AM-355
PHI13-8Mo
PH14-8Mo
PHI5- Mo
15-5PH

17-4PH
17-7PH

40E

195
B195

220

302
304L
316L
321
347

430

430F
440C
446

2014
2024
2219

7001
7075
7079
7178

i

; Identification , ;

heat-treatable, high-strength austenitic steel

semi-austenitic or martensitic precipitation and transformation
hardening stainless steels

cast aluminum alloy with zinc as the principal alloying element

cast aluminum alloys with copper as the principal alloying element

cast aluminum alloy with magnesium as principal alloying element

austenitic nickel-chromium-iron steels

high-chromium, low-carbon stainless steel with good formability,
weldability, and corrosion resistance

magnet-quality 430 steel
martensitic chromium steel
high-permeability, magﬁet-qgality steel

wrought aluminum alloys with copper as principal alloying element

wrought aluminum alloys with zinc as principal alloying element

1 Agditional information on metallic materials herein can be found in the 1972 SAE Handbook, SAE, Two Pennsylvania
Plaza, New York, NY; and in MIL-HDBK-5B, Metallic Materials and Elements for Aerospace Vehicle Structures, Dept. of

Defense, Washington, DC, Sept. 1971.
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Material!

{designation in monograph)

beryllium copper

canstantan

{RES

.11

faconel 718
fnconel X
{Inconel X.750)
KelF
fowalioy steel
puraging steel
Mylar
KiSpanl
radio alloys
Refractaloy 26

Rene 41

Feflon

{dentification

copper-beryilinm-cobalt alloy with relatively hish stronpth and hurdness

capper-nickel alloy with high electrica? resistivity and low tempersture
cocfficient of resistunce

corrosion resistunt steed

trade name of the Eigin National Wateh Co. for o cobaltnicke! alloy
used as » highstrength spring material

a Or-Mo aivhardening, hotavork tooland dic steel with a high degrec of
toughness in the temperature range of 400 to 1000°F (478 to 811 K}

trade name of International Nickel Co. for precipinationhurdening
nickel-based alloy

trade name of International Nickel Co. for age-hardenable nickel-hased
alloy

trade name of the 3M Corp. for a polymer of chlvrotrifluarnethviene
steel with low carbon S};égggg

nurtensitic age-hardening nickelron alloy

trade name of the E. 1 duPont Co. for polyvethylene terephthalate film
trade name of International Nickel Co. for an rononickelchromium
alloy that can be heat freated to produce an essentially constant

madulug over a wide termperature range

coppernickel alloys  with  elecirical  resistivity and  temiperature
coefficient of resistance as functions of the nicke! content

trade name of the Westinghouse Flectric o, for an austeninic
nickelbbase alfoy

tratde name of the General Fleotrle Co. Tor an austenitic nickelbase
alloy

trade nume of ¥ 1 duPont Co. for 3 polymer of retrafluornethylene

PAdditiond infermation on melallic materisds herein can be found in the 1972 SAT Handhook SAY, Fuo Poonalvania
Ploza, New York, NY;and in MILHDBK AR, Merdlic Materiah and Plements for Aerospaor Vehide Srructores, Dept of

Prefense, Wahingron, DU Sept 1971
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Material!
(designation in monograph)

Ternalloy 7

Vascojet 1000

Abbreviations

AFBMD
AFBSD
AFFDL
AFRPL
AIEE
ASA
ASME
IEEE
ISA
NACA
SAE

WADC

Identification

a precipitation-hardening aluminum alloy having good castability,
excellent machinability, and high corrosion resistance
trade name of the Vasco Division of Teledyne Corp. for a modified

hot-work die steel

Identification

Air Force Ballistic Missile Division
Air Force Ballistic Systems Divisic;a
Air Force Flight Dynamics Labératory

Air Force Rocket Propulsion Laboratory

- American Institute of Electrical Engineers (now IEEE)

American Standards Association

American Society of Mechanical Engineers
Institute of Electrical and Eiectrcnic Engineers
Instrument Society of America

National Adﬁéory Committee for Aeronautics
Society of Automotive Engineers

Wright Air Development Center

! Additional information on meiailic’ materials herein can be f;)tmd in the 1972 SAE Handbook, SAE, Two Pennsylvania
Plaza, New York, NY; and in MIL-HDBK-5B, Metallic Matérials and Eléments for Aerdspace Vehicle Structures, Dept. of

Defense, Washington, DC, Sept. 1971.
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NASA SPACE VEHICLE DESIGN CRITERIA
MONOGRAPHS ISSUED TO DATE

ENVIRONMENT

SP-8005 Solar Electromagnetic Radiation, Revised May 1971

SP-8010 Models of Mars Aimesphere {1967}, May 1968

SP-8011 Models of Venus Atmosphere {1972), Revised September 1972

SP-8013 Meteoroid Environment Mcdel—l§6§* (Near Earth to Lunar Surface),
March 1969

SP-8017 Magnetic Fields—Earth and Extraterrestrial, March 1969

SP-8020 Mars Surface Models {1968}, May 1969

SP-8021 Models of Earth’s Atmosphere (90 to 2500 km), Revised March 1973

SP-8023 Lunar Surface Models, May 1969

SP-8037 Assessment and Control of Spaéecraft Magnetic Fields, September 1970

SP-8038 Meteoroid Environment Model—1970 (Interplanetary and Pi&ﬁeta;y),
October 1970 -

SP-8049 The Earth’s Ionosphere, March 1971

SP-8067 Earth Albedo and Emitted Radiation, July 1971

SP-8069 The Planet Jupiter {1970}, December 1971

SP-8084 Suiface Atmospheric Extremes (Launch ané% Transportation Areas},
May 1972

SP-8085 The Planet Mercury (1971), March 1972

SP-8091 The Planet Saturn (1970), June 1972

8P-8092 Assessment and Control of Spacecraft Electromagnetic Interference,
June 1972

SP-8103 The Planets Uranus, Neptune, and Pluto (1971), November 1972

SP-8105 Spacecraft Thermal Control, May 1973
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STRUCTURIS

SPRON Buffering During Atmospheric Ascen?, Revised Nowemher 1970
SPROG2 Flightoads Measurements Buring Launch and Exit, December 1904
SP.R003 Flutrer, Buyz, and Divergence, July 1964

SPENn Panel Flutter, Reviced June 1972

SP.RONG Local Sweady Acrodynamic Loads Doring Launch and Bxin Moy 1945
SP.R007 Buckling of ThinWalled Curenler Cylinders, Revised Augusy 1968
SP.RODE Prelouneh Ground Wind Leoads, Novembher 1965

SR Propellant Slosh Loads, August 1968

SPEai2 Natural Vibration Modal Anslysic September 1968

SP.R0Eg Entry Thermal Piotection, Aupust 1968

SP.Rnio Buckling of ThinWilled Truncuted Conzs, Septomber 1948

spenn? Staging Loads, Febriary 1909

SPEnnYy . Acodvasmic and RocketFxhaust Heating Doring Lavnch and Ascene

May 1968

SP.ROD Transient Loads From Throst Pxcitetion, Februory 1969
SP.R031 Slosh Suppression, May 1969

3?3{"?;13 Buckling of ThinWalled Doubly Curved Shells, August 1969
SP.Epas Wind Loads Daring Ascent, June 1970

SP.snIn Fracture Control of Metallic Presture Veseels, Muy 1970
SPR0I2 Meteoroid Dumape Assessment, May 1970

SPEOAR Desipn-Development Testing, My 1970

Shxnsd Gualification Testing, May 1970

SP.EnIS Acceptance Testing, April 1970
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SP-8046

SP-8050
SP-8053
SP-8054

SP-8055

SP-8056

SP-8057

SP-8060
SP-8061
SP-8062
SP-8063
SP-8066
SP-8068
SP-8072
SP-8077
SP-8079
SP-8082
SP-8083

SP-8095

SP-8099

SP-8104

Landing Impact Attenuation for Non-Surface-Planing Landers, April
1970 o

Structural Vibration Prediction, June 1970
Nuclear and Space Radiation Effects on Materials, June 1970
Space Radiation Protection, June 1970

Prevention of Coupled Str&cture-?mpuision Instability (Pogo), October
1970 o

Flight Separation Mechanisms, October 1970

Structural Design Criteria Applicable to a Space Shuttle, Revised March
1972 L

Com;éartment Veﬁting, Ii*io%rember 1970

Interaction with Umbilicals and Launch Stand, August 1970 o
Entry Gasdynamic Heating, January 1971

Lubrication, Friction, and Wear, June 1971

De@cy&ble Aerodynamic Deceleration Systems, June 1971
Biickliﬁg Strength of Str’actufgl Plates, June 1971

Acoustic Loads Generated by the Propulsion System, June 1971
Transportation and Handling Loads, September 1971

Structural Interaction with Control Systems, Nave#zber 1971 .
Stress-Corrosion Cracking in Metals, August 1971

Discontinuity Stresses in Metallic Pressure Vessels, November 19’?1

Preliminary Criteria for the Fracture Control of Sp&ceiShﬁtﬂe
Structures, June 1971

Combining Ascent Loads, May 1972

Structural Interaction With Transportation and Handling 'SyStéms,
January 1973 B
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GUIDANCE ANDCONTROI

SP.RGIS

SPROIG

SP.RO1K

SP-RO24

SP-8026

SP-R027

SP-R028

SP.R033

SP.RO3

SP-R036

SP.ROIT7

SP-ROSK

SP.RGSY

SP.ROGS

SPRO70

SP.R071

SP-R074

SPRO78

SP.80RG

SPR096

SP.R00K

sp.sin2

CGuidance and Navigation for Entry Vehicles, November 1968

Effects of Structural Flexibility on Spacecraft Contral Systems, April
969

Spacecraft Magnetic Torques, March 1969
Spacecraft Gravitational Torques, May 1969
Spaceenaft Star Trackers, July 1970

Spacecraft Radiation Torques, October 1969

Entry Vehicle ;“‘untrni, Novemher 1969

Spacecraft Earth Horizon Sensors, December 1969
Spacecraft Mass Expulsion Torques, December 1969

Effects of Swructural Flexibility on Launch Vehicle Control Systems,
fFebruary 1970

Spaceeraft Sun Sensors, June 1970
Spaceeralt Acrodynamic Torgues, January 1971

Spacecraft Autitude Control During Thrusting Mancuvers, February
1971

Tubular Spacecraft Booni {Extendible, Reel Stored), February 1971
Spaceborne Digital Computer Systems, March 1971

Passive Graviy-Gradicnt Libration Dampers, February 1971
Spacecraft Solur Coll Arravs, May 1971

Spacehorne Flectronic hmaping Systems, June 1971

Space Yehicle Displayvs Desien Criteria, March 1972

Spuce Vehicle Gyroscope Sensor Applications, October 1972

Effects of Structural Flexibility on Entry Vehicle Control Systeme,
June 1972

Space Vehicle Accelerometer Applications, December 1972
i pp
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CHEMICAL PROPULSION

SP-8087. ‘ . Liquid Rocket Eﬁginé Fluid-Cooled Combustion Chambers,ﬂA;a;;ii 1972
' SP-8081 o - Liquid ?repeﬁan; Gas Generators, March 1972

SB-8052 Liquid Rocket Engine Turbopump Inducers, May 1971

SP-8048 . Liquid Rocket Eﬁgiﬁe Turbopump Bearings, March 1971

SP-8101 1 ‘quaad Rocket Eng;ne Turbopump Shafts and COEIphE’th September
1972 :

SP-8080 ., . Liquid Rocket Pressure Regulators, Relief Valves, Check Valves, Buzst

’ Disks, and Explosive Valves, March 1973

SP-8064 ~ Solid Propellant Selection and Characterization, June 197'1\ ‘

8P-8075 - Solid Propellant Processing Factors in Rocket Motor’Desigh; é{:t{}bei’
1971

SP-SO’?é - - ’ Solid Pﬁ}peﬁant‘Graia Design and Internal Ballistics, Mar;:h 19'72

SP-8039 Solid Rocket Motor Perfermagse Aﬁalysfs and Prediction, May 1971

SP-8051 Solid Rocket Motor Igniters, March 1971

SP-8025 " Solid Rocket Motor Metal Cases, April 1970

’S?-Sf}di} o * Captive-Fired Testing of Solid Rocket Motors, March 1971°
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